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Abstract: Little is known about the repertoire of cellular factors involved in the replication of
pathogenic alphaviruses. To uncover molecular regulators of alphavirus infection and
to identify candidate drug targets, we performed a high-content imaging-based siRNA
screen. We revealed an actin-remodeling pathway involving Rac1, PIP5K1- α, and
Arp3, as essential for infection by pathogenic alphaviruses. Infection causes cellular
actin rearrangements into large bundles of actin filaments termed actin foci. Actin foci
are generated late in infection concomitantly with alphavirus envelope (E2) expression
and are dependent on the activities of Rac1 and Arp3. E2 associates with actin in
alphavirus-infected cells and co-localizes with Rac1-PIP5K1-α along actin filaments in
the context of actin foci. Finally, Rac1, Arp3, and actin polymerization inhibitors
interfere with E2 trafficking from the trans-Golgi network to the cell surface, suggesting
a plausible model in which transport of E2 to the cell surface is mediated via Rac1- and
Arp3-dependent actin remodeling.
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underlying their manuscript can be found.

Your answers to the following constitute
your statement about data availability and
will be included with the article in the
event of publication. Please note that
simply stating ‘data available on request
from the author’ is not acceptable. If,
however, your data are only available
upon request from the author(s), you must
answer “No” to the first question below,
and explain your exceptional situation in
the text box provided.

Do the authors confirm that all data
underlying the findings described in their
manuscript are fully available without
restriction?

Please describe where your data may be
found, writing in full sentences. Your
answers should be entered into the box
below and will be published in the form
you provide them, if your manuscript is
accepted. If you are copying our sample
text below, please ensure you replace any
instances of XXX with the appropriate
details.

If your data are all contained within the
paper and/or Supporting Information files,
please state this in your answer below.
For example, “All relevant data are within
the paper and its Supporting Information
files.”
If your data are held or will be held in a
public repository, include URLs,
accession numbers or DOIs. For example,
“All XXX files are available from the XXX
database (accession number(s) XXX,
XXX)." If this information will only be
available after acceptance, please
indicate this by ticking the box below.
If neither of these applies but you are able
to provide details of access elsewhere,
with or without limitations, please do so in
the box below. For example:

“Data are available from the XXX
Institutional Data Access / Ethics
Committee for researchers who meet the
criteria for access to confidential data.”

“Data are from the XXX study whose
authors may be contacted at XXX.”
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Richard J. Kuhn, Associate Editor     January 26, 2016 

Michael Diamond, Section Editor       

PLOS Pathogens 

 

 

Dear Dr. Kuhn and Dr. Diamond: 

Upon your encouragement, we would like to submit to you a newly revised and expanded 

version of our manuscript “siRNA Screen Identifies Trafficking Host Factors that 

Modulate Alphavirus Infection” by Radoshitzky et al. for publication in PLOS 

Pathogens. 

 

We thank the old and new reviewers for their now very positive assessment of our work. 

We have addressed their constructive criticisms as follows:  

 

(i) we performed TUNEL staining to exclude apoptosis as a possible 

confounding factor in our assays, and provide the results in the form of a table 

and a figure in the response to reviewers file. As expected, apoptosis does not 

occur within the timeline of our readout; 

(ii) we have clarified that many of our assays were performed in the context of a 

single infection cycle; 

(iii) we have included densitometry in our western blot figures; 

(iv) we have increased the size of several figures to more clearly demonstrate the 

tubulin and actin perturbances induced by the inhibitors; and 

(v) we have made several text modifications to clarify the potential shortcomings 

of the presented IP assay. 

 

We look to you for advice on whether to include the TUNEL staining results within the 

manuscript. We further ask for your guidance on whether to delete or maintain subfigure 
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panels as some reviewers recognize the density of the manuscript and the wealth of 

presented data. 

 

We are confident that these new supportive data and revisions make the manuscript even 

stronger and that the manuscript now fulfills the high scientific expectations of the PLOS 

Pathogens Editorial Board.  

 

Best regards, 

 

Sina Bavari, Ph.D. 

Science Director 

US Army Medical Research Institute of Infectious Diseases (USAMRIID)  

Frederick, MD 21702-5011 

301-619-0010 (office)  

sina.bavari.civ@mail.mil  
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Part I - Summary 
 
Reviewer #2: The authors have addressed most of my concerns and have 
provided additional information as figures. 
 
Our response: we thank the reviewer for confirming that we have addressed 
most of the concerns associated with our initial submission. 
 
 
Reviewer #4: The authors have identified membrane trafficking factors that are 
involved during VEEV infection. The factors Rac1, Arp and PIP5K1 were 
identified. This is novel information.  
 
Response: We thank the reviewer for acknowledging the novelty of our findings. 
 
However, the impact of this finding is obscured by the hypothesis that these 
factors are mediating direct binding of E2 with actin, which would not be possible 
at the budding stage of maturation. 
 
Response: Our manuscript did not contain any hypothesis that Rac1, Arp3, 
and/or PIP5K1 are mediating direct binding of E2 with actin. We did not claim 
anywhere that the association of E2 and actin is direct. However, the reviewer 
made us aware that the reader might get a wrong impression, which is why we 
now use the word “associate” and not “bind” throughout. It is of course possible 
that other viral proteins (like alphaviral capsid, which is thought to bind E2) or 
other host proteins facilitate this association. We have now modified the 
manuscript to make this point even clearer. 
 
We also did not suggest or claim that E2 associates with actin at the budding 
stage of the viral lifecycle. Our hypothesis, laid out in the discussion, is that E2 is 
associated with actin during trafficking from the TGN to the cell surface. As 
previous publications have shown, E2 and actin association at this stage is 
possible via the 33 amino acid residues of the E2 cytoplasmic domain that are 
located in the cytoplasm at that time [1]. In addition, previous studies have also 
shown that this cytoplasmic domain is available and can interact with other 
proteins such as the alphavirus capsid protein [2]. 
 
 
Reviewer #5: This manuscript is a revision of previously submitted and reviewed 
work. It examines the role of actin and mediators of actin function in alphavirus 
infection. The roles of these proteins have been previously discussed for another 
alphavirus, Semliki Forest virus, in entry steps of infection. The current work 
differs by examining the role of actin in egress of virus, something that has not 
been done in any detail, particularly for the New World alphaviruses. From the 
view of this reviewer, the most important aspect of the work is the role of PIP5K1 
in egress. This effector of actin polymerization is not overly studied and is novel 
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in the way it interacts with virus proteins. In general, the work has a high level of 
detail and is analyzed carefully and rigorously. The criticisms below can be 
addressed without the need of addition experiments and mostly address issues 
of readability. 
 
Our response: we thank the reviewer for confirming that our experiments have 
been performed carefully and rigorously and that our conclusions are important. 
 
 
Part II – Major Issues: Key Experiments Required for Acceptance 
 
Reviewer #2: One major issue still exists in the manuscript, that is E2 binding to 
actin by IP. If you take the E2 out of the ER and Golgi membrane after lysis it 
probably binds actin and that is not similar to glycoprotein transport during virus 
infection. CPV-II structures contain attached cores and those associating with 
filaments shown by EM is equivalent to actin binding to E2. 
 
Our response: If we understand the reviewer correctly, no additional experiments 
are required as we have shown by EM that CPV-II structures with viral cores are 
associated with (or in the vicinity of) actin filaments in infected cells (Figure 6C). 
We have now further revised the manuscript to include the concern associated 
with the IP assay. 
 
Reviewer #4: The major flaw I see in this study is that there is no single cycle 
growth curve of any of the viruses done. 
 
Our response: the reviewer probably overlooked important information provided 
in the materials and method section. Our presented data include qRT-PCR and 
E2-expression image-based assays using an MOI of 10 for VEEV in a single 
infection cycle growth-curve analysis (Figures 3C and D, S3A). Furthermore, 
many experiments were performed to confirm our results in the context of a 
single VEEV infection cycle: 

 Effect of the siRNAs, as well as Rac1, Arp3, and actin inhibitors on 
intracellular vRNA levels (Figures 3H-I, 4G) 

 Effect of Rac1, Arp3, and actin inhibitors on VEEV infection rate in order-
of-addition experiments (Figures S3B, 4B) 

 Effect of nocodazole and actin inhibitors on VEEV titer in primary human 
astrocytes (Figures 4E, S4A) 

 IP analysis of E2 and actin association in lysed cells (Figure 6D) 

 Effect of Rac1, Arp3, and actin inhibitors on E2 cell-surface expression 
(Figures 7B and C). 

 
Instead, unnecessary technology is used which further perturbs the system which 
is going into apoptosis. 
 
We agree with the reviewer that apoptosis is a concern. For assays that involve 
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two infection cycles (20 h overall infection time), we not only measured virus 
infection rates, but also utilized image-based analysis to measure cell number 
(shown for most treatments within the manuscript) and nucleus size (using 
Hoechst 33342 dye) as nuclear condensation and fragmentation are two 
hallmarks of apoptosis. Because VEEV (as well as RVFV [3]) infection induces 
apoptosis of infected cells, we optimized our assays so that the readout time will 
be before cell death is prominent based on Hoechst staining (see Table 1 for 
reviewers below). 
 
To further address the reviewer’s concern, we now include results obtained with 
the TUNEL assay on VEEV-infected cells (MOI=0.5, infection time = 20 h), as 
well as positive-control cells (DNase I-treated as a positive control for TUNEL 
and staurosporine-treated as a positive control for apoptosis) (see Figure 1 for 
reviewers). These results demonstrate that even in our assays that involve two 
infection cycles, apoptosis is not prominent. Furthermore, as demonstrated in 
Figure 5A, VEEV and CHIKV infection induce actin foci formation whereas RVFV 
infection does not, and yet all these viruses induce apoptosis. Finally, in most 
experiments we also included representative images, which show actin 
rearrangements in cells with normal morphology (and normal nuclei morphology 
– i.e., no nuclei fragmentation). Thus, actin rearrangements are in all likelihood a 
result of virus infection and not a result of cell death or apoptosis. 
 
Table 1 for reviewers: Examples of results obtained with an Opera confocal 
reader following VEEV infection (MOI=0.5, infection time = 20 h) 
 

Parameter: % virus antigen positive 
cells 

Parameter: Average Nucleus Size 

Mock-infected 
cells 

VEEV-infected 
cells 

Mock-infected cells VEEV-infected cells 

0.00 62.15 126.09 121.12 

0.05 62.42 127.90 121.65 

0.02 59.24 125.91 118.62 

0.00 54.92 127.57 117.81 

0.00 50.02 127.72 117.95 

0.03 62.15 127.84 122.21 
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Figure 1 for reviewers: HeLa cells were infected with VEEV (MOI=0.5) for 1 h 
and fixed 20 h later. Non- infected (mock) cells were used as a control. 
Alternatively, cells were treated with increasing concentrations of staurosporine. 
Cells were stained using the Click-iT TUNEL Alexa Fluor Imaging assay (Thermo 
Fisher Scientific, shown in green). DNase I treatment was used as a positive 
control. Following TUNEL staining, virus-positive cells were detected using an 
anti-E2 antibody (shown in red) as described in the manuscript. Hoechst (shown 
in blue) and cell mask (not shown) were used for nucleus/cytoplasm staining. (A) 
Opera confocal imager was used to measure %TUNEL positive cells. (B) 
Representative images of (A). 
 
The presentation of the data is, as the authors state "dense" but could be 
simplified by scaling down the amount of data presented. 
 
We agree with the reviewer that the manuscript is dense and that a wealth of 
data is presented. This abundance of partially redundant data is due to the 
continuing requests for additional data by old and new reviewers. If we omit data 
as requested by this single reviewer, we might encounter requests upon 
resubmission to add these data by the other reviewers. We therefore look to the 
editor for advice on this matter. 
 
Reviewer #5: Fig. S4B ad Fig. 5A that are meant to show disruption or changes 
in actin polymerization are too small to tell. For S4B each cell seems to have the 
same actin staining level. For 5A a more detailed image would be more revealing 
of the changes that occur. Higher magnification showing lack of actin fibers is 
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needed to make the point. This is in stark contrast to the very good images in Fig 
6, where the magnification shows the necessary detail needed to interpret the 
findings. 
 
Our response: The reviewer seems to have confused the presented data as 
Figure S4B shows tubulin (not actin) staining. We agree, however, that the 
images are too small and have now provided better images and increased the 
image size so disruption of tubulin polymerization is obvious. For comparison see 
reference [4]. 
 
Figure 5A was taken with an Opera confocal reader. In order for us to 
quantatively  analyze the amount of actin foci per cell (Figures 5B and 5C), we 
use the Opera confocal reader to acquire and analyze images from more than 
500 cells. Consequently, our resolution is limited in this type of assay and 
analysis. That is why in Figure 6 and S6 we repeated the infections to 
characterize in better resolution the nature of the observed actin changes (or 
remodeling) using a Leica SP5 TCS 2C STED confocal system. 
 
 
Part III – Minor Issues: Editorial and Data Presentation Modifications 
 
Reviewer #2: Authors still state that E2 binds actin and I do not believe IP is the 
best way to show this binding. In lines 437 and 457 authors say that E2 binds 
actin. 
437  Fig 6. Alphavirus E2 co-localizes with actin filaments and binds to actin.  
and 457  Alphavirus E2 Glycoprotein Interacts with Actin. 
 
Our response: We apologize for this oversight and have now modified “binds” to 
“associates” and further revised the text to reflect the concerns associated with 
the IP assay as performed. 
 
Reviewer #4: Too many panels and pictures. It is not necessary to show all the 
data. In fact, some of the pictures are so small that the content is lost. 
 
Our response: We agree with the reviewer that we show an exorbitant amount of 
data for a single paper. This is due to the various requests of by now five 
reviewers, all of whom would like to see different points of the paper emphasized 
(see reviewer 5, who requests even more data to be presented in the figures). 
We have of course no problem with deleting figures or data panels but would 
prefer instructions from the editor on which panels to cut. 
 
Reviewer #5: Figure 1B should include densitometry of blots and then correlation 
to expression levels to virus replication can be made.  
 
Our response: We agree with the reviewer that densitometry is a useful addition. 
We have now included densitometry of the blots in Figure 1B. We observe a 
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general, but not absolute correlation between the densitometry data and virus 
infection rate as expected for a semiquantitative method. 
 
For the section using Mo-MLV pseudotypes (which is to be commended): While 
siRNA was tested, were the chemical inhibitors, EHT1864 and CK548 evaluated 
in this system?  
 
Our response: No, we have not evaluated the inhibitors with the pseudotype 
system. Other reviewers (see comments above) believe that the manuscript is 
too dense as it is and that the siRNA treatments are less disruptive in nature than 
the inhibitor treatments. 
 
Fig. 3. Why not connect the time points and model the kinetic of infection? 
 
Our response: Since our manuscript is not focused on modeling the kinetics of 
infection, we did not perform any such modeling. However, if the reviewer 
strongly believes and the editor agrees that this is essential information for 
confirming the message of the manuscript we will include such data analysis. 
 
Fig. S4B ad Fig. 5A that are meant to show disruption or changes in actin 
polymerization are too small to tell. For S4B each cell seems to have the same 
actin staining level. For 5A a more detailed image would be more revealing of the 
changes that occur. Higher magnification showing lack of actin fibers is needed 
to make the point. This is in stark contrast to the very good images in Fig 6, 
where the magnification shows the necessary detail needed to interpret the 
findings.  
 
Our response: This is a repeat of a concern mentioned previously. Please see 
our response above. 
 
Fig. 5D is very interesting but please give example of image showing actin foci. A 
better description of size of foci is important as foci size has mechanistic 
implications.  
 
Our response: Actin foci (visually reminiscent of balls of yarn) in Figure 5D are 
indicated by asterisks. The sizes of the foci are variable. However, according to 
our high-resolution confocal images (Figure 5F and Figure 6A) the diameter of 
actin foci varies in size between 5-11 μm. This information is now included in the 
text. 
 
The section on the role of Rac1 and Arp3 in actin foci formation needs a better 
explanation. Rac1 and Arp3 certainly mediate actin foci formation in other 
systems but what would be the alternatives as they play rather key roles. In 
contrast, Fig. 5F is interesting as it clearly shows colocalization of actin, virus and 
PIP5K1. The PIP5K1 experiment seems more focused on a specific effector than 
Rac1 and Arp3.  
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Our response: We agree with the reviewer that specific details in regard to the 
exact roles of Rac1 and Arp3 in actin foci formation still have to be determined. 
However, in our view, this will be the objective of interesting follow-up work as 
this manuscript is already too dense in information (as pointed out repeatedly by 
various reviewers). The main message of our manuscript is that Rac1 and Arp3 
play a crucial role in actin foci formation during alphavirus infection, that Rac1 
and PIP5K1-alpha co-localize with actin foci in infected cells, and that inhibitors 
of Rac1 and Arp3 interfere with transport of E2 from th TGN to the cell surface. 
The reviewer agrees that we demonstrated these three key points and that no 
further experiments are necessary, which is why we would prefer to leave the 
text as is rather that adding additional speculations. 
 
Fig. 6D needs to be evaluated by densitometry. Results can be cited in text. On 
page 20 a better explanation of CPV1 and 2 structure composition and function 
are needed for the reader. 
 
Our response: We have evaluated Figure 6D by densitometry and have included 
the results in the revised text. We have included further explanation on CPV1 
and 2 structure and function in the introduction (page 4) as the Results section is 
intended for description of our results rather than summary of current knowledge. 
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Abstract 21 

Little is known about the repertoire of cellular factors involved in the replication of pathogenic 22 

alphaviruses. To uncover molecular regulators of alphavirus infection and to identify candidate 23 

drug targets, we performed a high-content imaging-based siRNA screen. We revealed an actin-24 

remodeling pathway involving Rac1, PIP5K1- α, and Arp3, as essential for infection by 25 

pathogenic alphaviruses. Infection causes cellular actin rearrangements into large bundles of 26 

actin filaments termed actin foci. Actin foci are generated late in infection concomitantly with 27 

alphavirus envelope (E2) expression and are dependent on the activities of Rac1 and Arp3. E2 28 

associates with actin in alphavirus-infected cells and co-localizes with Rac1–PIP5K1-α along actin 29 

filaments in the context of actin foci. Finally, Rac1, Arp3, and actin polymerization inhibitors 30 

interfere with E2 trafficking from the trans-Golgi network to the cell surface, suggesting a 31 

plausible model in which transport of E2 to the cell surface is mediated via Rac1- and Arp3-32 

dependent actin remodeling. 33 

 34 

Author Summary 35 

Alphaviruses, such as Chikungunya or Venezuelan equine encephalitis viruses, are significant 36 

human pathogens that cause arthritis or fatal encephalitis in humans. For productive infection of 37 

cells, alphaviruses rely on a repertoire of cellular host proteins, including trafficking factors that 38 

mediate transport of viral components across the cell. We have performed a functional screen to 39 

identify cellular factors that are crucial for this transport process. We show that Rac1, PIP5K1-40 

alpha, and the Arp2/3 complex are cellular regulators of alphavirus infection. These factors are 41 

important for major cellular actin rearrangements that occur at a late stage of virus infection and 42 

are virus-induced. Concomitantly, these factors might be essential for trafficking of the viral E2 43 
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surface glycoprotein from the trans-Golgi network (TGN) to the cell surface. E2 was found to 44 

associate with actin, as well as to co-localize with Rac1, PIP5K1-α, and actin filaments. Late E2-45 

containing vesicles, termed cytopathic vacuoles II (CPV-II), were also imaged along and at the 46 

end of actin filaments in alphavirus-infected cells. 47 

 48 

Keywords: alphavirus; actin; Arp3; chikungunya; CHIKV; EEEV; eastern equine encephalitis; 49 

PIP5K1; Rac1; Venezuelan equine encephalitis; VEEV; WEEV; eastern equine encephalitis 50 

 51 

Introduction 52 

Viral infection requires extensive subcellular trafficking, including cell entry, delivery of the 53 

genome to replication sites, and transport of viral proteins to and assembly of viral particles at 54 

the plasma membrane for egress. To this end, viruses make use of different cellular cues and 55 

signals to hijack existing endocytic and secretory pathways, cellular motor proteins, and 56 

cytoskeletal filaments.  57 

 Here we examine cellular trafficking machineries utilized by alphaviruses. Alphaviruses 58 

(family Togaviridae) are single-stranded, positive-sense RNA viruses that produce enveloped 59 

virions. Chikungunya virus (CHIKV), eastern equine encephalitis virus (EEEV), Venezuelan 60 

equine encephalitis virus (VEEV), and western equine encephalitis virus (WEEV) are the most 61 

medically important human alphaviruses that cause debilitating arthritides (CHIKV) or 62 

encephalitides (EEEV, VEEV, and WEEV) [1-3]. For instance, since December 2013, spread of 63 

CHIKV in the Caribbean has caused tens of thousands of human infections [4]. 64 

 The alphavirus genome consists of two open reading frames encoding nonstructural and 65 

structural polyproteins. Four nonstructural proteins (nsP1-4) are required for transcription and 66 
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replication of viral RNA, and three main structural proteins (i.e., capsid protein C, envelope 67 

glycoproteins E2 and E1) are the main constituents of virions. Alphavirus replication occurs 68 

initially at the plasma membrane [5,6]. Replication complexes are subsequently internalized via 69 

an endocytic process that requires a functional actin-myosin network. Following endocytosis, 70 

replication complex-containing vesicles migrate via a microtubule-dependent mechanism to the 71 

perinuclear area where they form stable, large and acidic compartments termed cytopathic 72 

vacuoles (CPV)-I. CPV-I structures are derived from modified endosomes and lysosomes and 73 

are associated with the alphaviral nonstructural proteins as well as viral RNA [7-9]. In the late 74 

stage of alphavirus infection, trans Golgi network (TGN)-derived vacuoles marked with the 75 

E1/E2 glycoproteins become predominant [10,11]. In these membrane vacuoles (termed CPV-76 

II), the viral glycoproteins are arranged in a tubular structure. CPV-II vacuoles have been 77 

implicated in intracellular transport of alphavirus glycoproteins from the TGN to the site of 78 

budding on the plasma membrane prior to virus egress [8,12]. 79 

 siRNA screens have identified a number of host factors that possibly promote or restrict 80 

nonpathogenic alphavirus infection [13-15]. However, detailed mechanistic studies regarding the 81 

role of host factors in alphavirus trafficking have not been performed. In this study, we used an 82 

RNAi-based screen to identify and validate trafficking host factors that are required for infection 83 

by the pathogenic VEEV and other pathogenic alphavirus relatives. Mutagenesis-, chemical 84 

inhibitor- and imaging-based approaches were further used to validate and decipher the role of 85 

these factors in alphavirus infection.  86 

Results 87 

High-content RNAi Screen Identifies Host Trafficking Regulators of Alphavirus Infection 88 

Small interfering RNA (siRNA) pools targeting each of 140 human trafficking genes were 89 
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transfected into HeLa cells. A non-targeting siRNA was used as a control. Cells were 90 

subsequently infected with VEEV (chosen as a prototype alphavirus for the screen) for 20 h and 91 

then fixed and stained with a VEEV E2-specific antibody (Fig 1A). Staining was performed 92 

without permeabilization to detect only E2 present on the cell surface. Cell number and infection 93 

rate were determined using quantitative high-content image-based analysis (see Materials and 94 

Methods). The infection rate of control siRNA-transfected cells was optimized to yield, on 95 

average, 70-80%. Analysis of the results revealed that siRNAs against 51 host trafficking factors 96 

decreased VEEV infection rate by >30% (Z-score <-2) (S1 Table).  97 

 98 

Fig 1. siRNA Screen Identifies Host regulators of alphavirus infection. 99 

(A) Schematic representation of the siRNA screen and the high-content quantitative image-based 100 

analysis of relative VEEV infection rates. HeLa cells were transfected with siRNAs against 140 101 

host trafficking factors and inoculated with VEEV (MOI=0.5) for 20 h. Cells were fixed and 102 

immunostained for cell surface VEEV envelope glycoprotein (E2) expression. Infection rates 103 

were determined using an Opera confocal imager and normalized to infection rates observed 104 

using non-targeting control siRNA. Representative images of cells treated with control (Cont) or 105 

Rac1 siRNA are shown. VEEV E2 staining is shown in green and nucleus staining is shown in 106 

blue. (B) High-content quantitative image-based analysis was used to measure relative infection 107 

rates (normalized to control siRNA-treated cells) of VEEV (top panel) in HeLa cells pretreated 108 

with the indicated siRNAs. Cells were infected for 20 h (VEEV, MOI=0.5), fixed and stained 109 

with antibodies against E2. Values represent the mean ± SD, n = 3. Protein levels of Rac1, Arp3,  110 

and actin (loading control) following siRNA treatments were determined by immunoblotting 111 

(bottom panel). mRNA levels of PIP5K1-α (PIP5K1A) following siRNA treatments were 112 
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determined by qRT-PCR. (C) VEEV titer following treatment of HeLa cells with siRNAs against 113 

Rac1, Arp3, PIP5K1A (PIP5k1α), or control siRNA. Cells were inoculated with VEEV as in (B) 114 

and virus-containing media was analyzed by plaque assay. **, p < 0.01, Student's t test (between 115 

the sample and control siRNA).  116 

 117 

 To confirm results of the primary screen and to rule out potential off-target effects of 118 

individual siRNAs, we performed a secondary screen of deconvoluted siRNA pools. A hit was 119 

considered validated if at least 2 siRNAs from the set of 4 individual siRNAs targeting the gene 120 

product reduced the VEEV infection rate by ≥30% and had a p-value of <0.05 versus control 121 

siRNA-transfected wells. Wells that had low cell numbers (final cell number <70% of the 122 

control siRNA-transfected well) due to combined effects of siRNA toxicity and VEEV 123 

cytopathic effects were excluded from further analyses. Analysis of the results led to validation 124 

of 19 (61%) out of the 31 primary hits (S2 Table).  125 

 Importantly, the list of validated hits was enriched for crucial regulators of the actin 126 

cytoskeleton. In particular, knockdown of four subunits of the heptameric Arp2/3 complex, 127 

ARPC4, ARPC5, ARPC1B (S2 Table), and ACTR3 (Arp3) (Fig 1B), significantly inhibited 128 

VEEV infection. In addition, Rac1, and PIP5K1-α (PIP5K1A) were also identified as hits (Fig 129 

1B). The Arp2/3 complex plays a central role in actin dynamics by controlling filament 130 

nucleation [16,17]. Rac1 is a member of the Rho GTPase family and among its many functions 131 

modulates actin cytoskeleton organization [18]. PIP5K1-α is a lipid kinase involved in the 132 

synthesis of the signaling molecule phosphatidylinositol-4,5-bisphosphate (PI4,5P2), which is a 133 

central regulator of the actin cytoskeleton in response to multiple signals [19].  134 

 Our siRNA results were further confirmed using single siRNAs against Rac1, Arp3, and 135 
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PIP5K1-α from another source (Fig 1B, siRNAs 5–7). We also observed a ≈10 to >30 fold 136 

reduction in VEEV titer following knockdown of these host factors (Fig 1C).  Finally, siRNA-137 

mediated knockdown of Rac1, Arp3, or PIP5K1-α inhibited infection of CHIKV (S1A and B 138 

Fig). These results indicate that Rac1, Arp3, and PIP5K1-α play an important role in alphavirus 139 

infections. 140 

Rac1 and Arp3 Inhibitors Reduce Alphavirus Infection Rates 141 

To validate the role of Rac1 and Arp3 in VEEV infection, we tested whether the Rac1 inhibitors 142 

EHT1864 and NSC23766 [20,21] and the Arp3 inhibitors CK548 and CK869 [22] could block 143 

VEEV infection. Upon treatment of HeLa cells with either of these inhibitors, VEEV infection 144 

rates were reduced in a dose-dependent manner (Fig 2A and B). Similar results were observed 145 

when the Rac1 inhibitors EHT1864 or NSC23766 or the Arp3 inhibitor CK548, were tested in 146 

primary human astrocytes (Fig 2C and D). These inhibitors were also effective in reducing 147 

infection rates of other alphaviruses. EHT1864 inhibited infections by CHIKV and the closely 148 

related Sindbis virus (SINV), and CK548 decreased CHIKV, SINV, EEEV, and WEEV infection 149 

rates (S2A and B Fig). None of the treatment conditions in either assays resulted in cytotoxicity. 150 

Overall, our results further confirm the importance of host factors Rac1 and Arp3 in alphavirus 151 

infection. 152 

 153 

Fig 2. Rac1, Arp3 and formation of a Rac1:PIP5K1-α complex are important for VEEV 154 

infection.  155 

(A) High-content quantitative image-based analysis of relative VEEV infection rates in HeLa 156 

cells pretreated with increasing concentrations of two Rac1 inhibitors (EHT1864 or NSC23766), 157 

two Arp3 inhibitors (CK548 or CK869), or DMSO. Cells were inoculated with compounds 1 h 158 
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prior to VEEV addition. Cells were fixed and stained with virus-specific antibodies 20 h later. 159 

Results are normalized to DMSO-treated samples. (B) Representative confocal images of (A). 160 

VEEV E2 staining is shown in green and nucleus/cytoplasm staining is shown in red. (C) 161 

Primary human astrocytes were treated with increasing concentrations of EHT1864, NSC23766, 162 

or CK548, and subsequently inoculated with VEEV (MOI=0.005). Cells were fixed 19 h later 163 

and stained and analyzed as in (A). (D) Representative confocal images of (C). VEEV E2 164 

staining is shown in green and nucleus staining is shown in blue. (E) Flp-In T-REx 293 cells 165 

with tetracycline-inducible expression of wild-type Rac1, constitutively active Rac1 (G12V) or 166 

dominant-negative Rac1 (T17N) were generated, and analyzed for protein expression by 167 

immunoblotting (actin was used as a loading control). (F) High-content quantitative image-based 168 

analysis of VEEV or RVFV infection rates in Flp-In T-REx 293 cells pre-induced to express 169 

chloramphenicol acetyltransferase (CAT), wild-type Rac1, or variants thereof. Cells were fixed 170 

18 h (VEEV) or 24 h (RVFV) after virus inoculation and stained with virus-specific antibodies. 171 

(G) Immunoblot of tetracycline-induced expression of wild-type Rac1, or Rac1 K186E in Flp-In 172 

T Rex 293 cells as in (E). (H) High-content quantitative image-based analysis of VEEV or 173 

RVFV infection rates in Flp-In T-REx 293 cells pre-induced to express CAT, wild-type Rac1, or 174 

Rac1 K186E. Cells were infected and stained as in (F).  175 

 176 

Rac1 GTPase Function and Rac1:PIP5K1-α Complex Formation are Important for 177 

Alphavirus Infection 178 

To determine if the function of Rac1 in alphavirus infection required Rac1’s GTPase activity, we 179 

established tetracycline-inducible 293 Flp-In T-REx cell lines that express chloramphenicol 180 

acetyltransferase (CAT, used as a control), wild-type Rac1, constitutively active Rac1 (G12V), 181 
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or dominant-negative Rac1 (T17N) (Fig 2E) [23,24]. Rac1 expression in these cells was induced 182 

with tetracycline for 24 h, followed by infection with VEEV, or a non-alphavirus control (Rift 183 

Valley fever virus; RVFV strain ZH501, hereafter, RVFV) . Expression of both Rac1 mutant 184 

variants (G12V, T17N) reduced VEEV but not RVFV infection rates, whereas expression of 185 

wild-type Rac1 had no effect (Fig 2F, S2C Fig). Both Rac1 mutants also reduced VEEV titer in 186 

the media (Fig S2D). We also confirmed the importance of Rac1 GTPase activity during WEEV 187 

and CHIKV infection (S2F-G Fig). The inhibitory effects of both Rac1 mutant variants on 188 

alphavirus infection likely indicate that the role of Rac1 during infection requires completion of 189 

the GTP-GDP-exchange/GTP-hydrolysis cycle. Cycling between GTP- and GDP-bound states 190 

may be required for productive infection, and shifting the level of activity predominantly to 191 

either side may block signaling pathways that emanate from the turnover. 192 

Rac1 also forms a complex with PIP5K1 kinases that are necessary for stimulation of 193 

PI4,5P2 synthesis and actin assembly [25]. PIP5K1-α directly binds Rac1 via the polybasic tail of 194 

Rac1. Specific mutations within this region, such as K186E, abrogate Rac1:PIP5K1-α binding in 195 

vitro [26]. To examine whether Rac1:PIP5K1-α complex formation is important for VEEV 196 

infection, we used the tetracycline-inducible 293 Flp-In T-REx cell line to expresses Rac1 197 

variant K186E (Fig 2G). Once induced, these cells and control cells expressing CAT or wild-198 

type Rac1 were infected with VEEV or RVFV. Expression of Rac1 K186E reduced VEEV but 199 

not RVFV infection rates (Fig 2H, S2E Fig). VEEV titer in the media was also reduced (Fig 200 

S2D). Finally, we confirmed the importance of Rac1:PIP5K1-α complex formation to infection 201 

with CHIKV (S2H-I Fig). These results suggest that binding of Rac1 to PIP5K1-α plays a role in 202 

alphavirus infections. 203 

Rac1 and Arp3 Do Not Affect Alphavirus Cell Entry or Replication but Later Stages of 204 
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Infection prior to Virus Budding 205 

We used a multi-cycle VEEV in our screen. Consequently, Rac 1 and Arp3 could have acted at a 206 

number of stages of the VEEV lifecycle. To determine when Rac1 and Arp3 act, we first 207 

determined the time necessary for a single lifecycle (round) of VEEV TC-83 (live-attenuated 208 

vaccine strain) infection. To this end we measured virus particle release from HeLa cells to the 209 

media at different time points post virus inoculation using qRT-PCR analysis. Expression 210 

kinetics of the late alphaviral gene product, E2, was also analyzed. Virus particle release into the 211 

media was observed at 9 h post inoculation of HeLa cells (Fig 3A), suggesting an approximately 212 

9-h replication cycle for VEEV under these conditions. E2 expression was detected as early as 7 213 

h post virus inoculation (Fig 3B). Experiments performed with virulent VEEV IC-SH3 yielded 214 

similar results on expression of E2 and C proteins at these time points (Fig 3C). We confirmed 215 

our results with a one step-like growth curve analysis using a high MOI (MOI=10) and also 216 

measured intracellular viral RNA (vRNA) levels as a function of time. Significant increase in 217 

intracellular vRNA levels was found at 5 h post virus inoculation, suggesting that virus 218 

replication/transcription is initiated prior to this time point (Fig 3D).  219 

 220 

Fig 3. Rac1 and Arp3 act at a late stage of alphavirus infection.  221 

(A and B) Time course of VEEV TC-83 (MOI=2) infection in HeLa cells. (A) Media containing 222 

extracellular virions were harvested at the indicated time points for qRT-PCR analysis of virus 223 

copy number, and (B) cells were fixed, stained with VEEV E2-specific antibody and analyzed 224 

with an Opera confocal reader by high-content quantitative image-based analysis. (C) 225 

Representative confocal images of E2 or C expression in VEEV-infected (MOI=0.5) HeLa cells 226 

7 h or 9 h following virus inoculation. Cells were stained with E2- or C-specific antibodies 227 
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(green) and counterstained with dye to show the nuclei (blue). (D) Viral copy number 228 

(intracellular vRNA) in HeLa cells at the indicated time points following VEEV TC-83 229 

(MOI=10) inoculation was determined by qRT-PCR. (E) High-content quantitative image-based 230 

analysis of relative VEEV infection rates in time-of-addition experiments. VEEV-infected HeLa 231 

cells (MOI=0.5) were treated with increasing concentrations of the inhibitors at the indicated 232 

time points prior to (-1 h) or after (+1–7 h) virus addition. Cells were fixed 20 h after addition of 233 

virus, stained and analyzed as in (B). Results are normalized to DMSO-treated samples. Values 234 

represent the mean ± SD, n = 3. *, p < 0.05; **, p < 0.01; ***, p < 0.001; n.s., not significant, 235 

Student's t test (between the sample and DMSO-treated cells). (F) HeLa cells were transfected 236 

with siRNAs targeting Rac1, Arp3, or control siRNA. Two days later, cells were transduced with 237 

eGFP-expressing MoMLV pseudotyped with the envelope proteins of VEEV (E1/E2) or EBOV 238 

(GP1,2). eGFP-expressing cells were measured as in (B). Transduction rates were normalized to 239 

control siRNA-treated cells. *, p < 0.05; **, p < 0.01, Student's t test (between the sample and 240 

control siRNA) (G) Aliquots of the cells treated in (E) were lysed and analyzed for E2 241 

expression by immunoblotting (GAPDH was used as a loading control). Densitometric analysis 242 

of western blots was performed with ImageJ. (H-I) VEEV copy number (intracellular vRNA) in 243 

HeLa cells following treatment with inhibitors or siRNAs as determined by qRT-PCR. (H) HeLa 244 

cells were inoculated with VEEV TC83 (MOI=2) and 5 h later treated with the indicated 245 

inhibitors. Cells were lysed and analyzed for virus copy number 11 h after virus addition. (I) 246 

HeLa cells were treated with the indicated siRNAs and 48 h later inoculated with VEEV TC83 247 

(MOI=2). Cells were lysed and analyzed as in (H). 248 

 249 

 To narrow down the lifecycle stage targeted by Rac1 and Arp3, we performed time-of-250 
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addition experiments using inhibitors of these host factors. This time-based approach determines 251 

how long the addition of a compound can be postponed before losing its antiviral activity in cell 252 

culture. For example, if an inhibitor that targets viral fusion is present at the time when virus 253 

entry and fusion occurs within the viral lifecycle, it will be able to inhibit productive infection. In 254 

contrast, if this inhibitor is added after the entry/fusion process is completed, the inhibitor will no 255 

longer be effective in blocking infection.  256 

 As a positive control for infection inhibition, HeLa cells were pretreated with increasing 257 

concentrations of Rac1 or Arp3 inhibitors 1 h before addition of virus. Alternatively, inhibitors 258 

were added to the cells at different time points after virus inoculation (1, 3, 5, or 7 h, Fig 3E) but 259 

prior to virus release (9 h post inoculation). When the Rac1 inhibitor EHT1864 or the Arp3 260 

inhibitor CK548 were added 1, 3, or 5 h after VEEV exposure, VEEV infection rates were 261 

reduced to that detected with the positive control condition (pretreatment). However, addition of 262 

inhibitors 7 h after virus inoculation had significantly less effect on infection, suggesting that the 263 

inhibitors lose their antiviral activity at this time. Similar results were obtained with VEEV TC-264 

83 in the context of a single replication cycle (S3A and S3B Fig); both EHT1864 and CK548 265 

inhibitors reduced VEEV TC-83 infection when they were added up to 7 h post inoculation. 266 

Furthermore, when the inhibitors were added to HeLa cells 5 h following VEEV inoculation, 267 

VEEV titer in the media was significantly reduced (approximately 80 to >7,000 fold reduction, 268 

S3C Fig). Since the inhibitors exhibited antiviral activity when they were added 5 h post virus 269 

inoculation but significantly lost their antiviral affect when they were added 7 h post virus 270 

inoculation, these results indicate that Rac1 and Arp3 most likely play a role in the VEEV life 271 

cycle sometime between 5 h and 7 h post virus inoculation. Since one lifecycle of the virus takes 272 

at least 9 h to complete, and since transcription/replication is initiated prior to 5 h post virus 273 
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inoculation, these results indicate that these inhibitors act at a late stage of virus infection. 274 

 To further confirm that Rac1 and Arp3 do not act at earlier stages (entry and replication), 275 

we first utilized a VEEV cell entry surrogate system composed of retroviral pseudotypes 276 

(Moloney murine leukemia virus, MoMLV) encoding eGFP and carrying the viral envelope 277 

proteins [27,28]. HeLa cells pretreated with control siRNA or with siRNAs targeting Rac1 or 278 

Arp3 were transduced with MoMLV-VEEV or MoMLV-EBOV (non-alphavirus control). As 279 

previously reported, MoMLV-EBOV entry into HeLa cells was reduced following knockdown of 280 

Rac1 or Arp3 [29,30] (Fig 5F). However, Rac1 or Arp3 knockdown had no or minimal effect on 281 

MoMLV-VEEV transduction rates, indicating that envelope-mediated entry of VEEV is 282 

independent of these two proteins.  283 

 Next, we examined the effect of the various inhibitors on total E2 protein levels in the 284 

context of virus infection. None of the inhibitors had an effect on E2 protein levels as determined 285 

by western blot analysis (Fig 3H).  286 

 Finally, we tested the effect of Rac1 and Arp3 on alphavirus replication in infected cells by 287 

treating cells with siRNAs as described above or with inhibitors against Rac1 or Arp3. 288 

Intracellular vRNA levels were determined by qRT-PCR. The siRNAs as well as the inhibitors 289 

had no significant effect on intracellular vRNA levels (Fig 3H-I). Similar results were obtained 290 

when the inhibitors were tested for their effect on CHIKV replication using a previously 291 

published replicon system (Fig S3D [31]). 292 

 Overall, these results indicate that Rac1 and Arp3 function after virus entry and replication, 293 

but prior to budding and release. 294 

Actin Plays a Dual Role in Alphavirus Infection  295 

As mentioned above, Rac1, Arp3, and PIP5K1A all affect cellular actin dynamics [16-19]. 296 
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Previous studies have demonstrated a role for actin in alphavirus infection [32,33]. For example, 297 

in the early stages of infection of another alphavirus, Semliki Forest virus, replication complexes 298 

are internalized via an endocytic process that requires a functional actin-myosin network [7]. 299 

However, our time-of-addition experiments suggest that Rac1 and Arp3 play a role later in 300 

infection. We therefore investigated whether actin dynamics might play an additional role at later 301 

stages of infection. 302 

 To this end, we performed time-of-addition experiments (similar to the ones described 303 

above) with actin polymerization inhibitors. Cells were either pretreated with increasing 304 

concentrations of inhibitors before addition of virus (positive control) or preincubated with virus 305 

and subsequently treated with inhibitors at different time points after infection (Fig 4A-B). 306 

Compared to the positive control condition (pretreatment), the actin polymerization inhibitors, 307 

latrunculin A and cytochalasin D, were less effective in inhibiting VEEV infection when they 308 

were added 1 h after virus inoculation (Fig 4A-B). This loss of antiviral activity is possibly due 309 

to the previously described role of actin in internalization of alphavirus replication complexes 310 

[7]. Inhibition of VEEV infection rates remained similar if actin polymerization inhibitors were 311 

added up to 5 h after virus inoculation. However, additional loss of antiviral activity was 312 

observed when the inhibitors were added at 7 h post virus inoculation. These results suggest that 313 

actin polymerization inhibitors target two separate steps in VEEV’s life cycle, one early in 314 

infection and one late in infection. 315 

 316 

Fig 4. Actin polymerization plays a role at a late stage of alphavirus infection.  317 

(A and B) High-content quantitative image-based analysis of relative VEEV and VEEV TC-83 318 

infection rates in time-of-addition experiments. (A) VEEV-infected HeLa cells (MOI=0.5) were 319 
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treated with increasing concentrations of latrunculin A at the indicated time points prior to (-1 h) 320 

or after (+1–7 h) virus addition. Cells were fixed 20 h after addition of virus and stained for high-321 

content quantitative image-based analysis with virus-specific antibodies. (B) VEEV TC-83 322 

(MOI=1)-infected HeLa cells were treated with cytochalasin D as in (A). Cells were fixed 12 h 323 

after addition of virus, stained, and analyzed as in (A). (C) HeLa cells were infected with VEEV 324 

(MOI=0.5) for 3 h and then treated with increasing concentrations of cytochalasin B, 325 

cytochalasin D, latrunculin A, or nocodazole. Cells were fixed in formalin 17 h later, stained, and 326 

analyzed as in (A). (A-C) Results are normalized to DMSO-treated samples. (D) HeLa cells were 327 

infected as in (C) for 3 h and then treated with increasing concentrations of cytochalasin D, or 328 

latrunculin A. After 17 h, virus titer in the supernatants was determined by plaque assay. Values 329 

represent the mean ± SD, n = 2. (E) Primary human astrocytes were infected with VEEV TC-83 330 

(MOI=0.005) for 5 h and then treated with increasing concentrations of inhibitors. After 6 h, 331 

virus titer in the supernatants was determined by plaque assay. (F) Aliquots of the cells treated in 332 

(A) were lysed and analyzed for E2 expression by immunoblotting (GAPDH was used as a 333 

loading control). Densitometric analysis of western blots was performed with ImageJ. (G) VEEV 334 

copy number (intracellular vRNA) in HeLa cells following treatment with inhibitors as 335 

determined by qRT-PCR. HeLa cells were inoculated with VEEV TC-83 (MOI=2) and 5 h later 336 

treated with the indicated inhibitors. Cells were lysed and analyzed for virus copy number 11 h 337 

after virus addition. (A-C, E, G) Values represent the mean ± SD, n = 3. *, p < 0.05; **, p < 0.01; 338 

***, p < 0.001; n.s., not significant, Student's t test (between the sample and DMSO-treated cells). 339 

 340 

 To further validate our results that actin might play a role in the later stages of the 341 

alphavirus lifecycle, we tested the effect of various doses of actin polymerization inhibitors 342 
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(latrunculin A, cytochalasin B and D) or a microtubule-depolymerizing agent (nocodazole) on 343 

VEEV infection rate when added at various time points post virus inoculation. HeLa cells and 344 

primary human astrocytes were inoculated with VEEV first and inhibitors were added 3 (HeLa) 345 

or 5 (astrocytes) h later. Disruption of actin dynamics by the actin polymerization inhibitors 346 

reduced VEEV infection rates and VEEV titer in a dose-dependent manner without cytotoxicity 347 

(Fig 4C-E). Although some nocodazole-mediated inhibition of viral infection was observed, 348 

inhibition was not as significant as that observed with actin polymerization inhibitors and was 349 

accompanied by increased cytotoxicity (Fig 4C and S4A Fig). Phalloidin and tubulin staining 350 

demonstrated that the actin and microtubule cytoskeleton morphology was indeed disrupted upon 351 

treatment with these inhibitors (S4B-C Fig). These results further imply that actin polymerization 352 

might have an essential role in later stages of VEEV infection. 353 

 To determine if the actin polymerization inhibitors (latrunculin A and cytochalasin D) 354 

might block viral replication or E2 expression at later stages of infection, we inoculated cells 355 

with VEEV TC83 and 5 h later treated them with the inhibitors. Intracellular vRNA levels were 356 

determined by qRT-PCR 11 h after virus inoculation. Alternatively, cells were lysed and 357 

analyzed for E2 expression by immunoblotting. Figure 4F-G shows that both inhibitors had no 358 

significant effect on vRNA levels as well as E2 expression levels. Finally, no effect on virus 359 

replication was observed when the inhibitors were tested for their effect on a CHIKV replicon 360 

system (Fig S4D [31]). Together, the data suggests that the role of actin in the later stages of 361 

infection does not involve viral replication or late gene expression. 362 

Alphavirus Infections Cause Major Intracellular Actin Rearrangements Late in Infection 363 

 To assess the possible role of actin in the later stages of alphavirus infection, we assessed 364 

temporal changes of actin rearrangements during the course of viral infection. HeLa cells were 365 
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infected with VEEV, CHIKV, or RVFV (used as a control) and co-stained at the indicated time 366 

points with antibodies against viral proteins and phalloidin. Confocal microscopy revealed major 367 

changes in the actin-staining pattern within alphavirus-infected cells (VEEV, CHIKV), as 368 

indicated by the accumulation of actin in large structures in the cytoplasm (i.e., actin foci, 369 

indicated by asterisks in Fig 5A). These foci co-localized with the alphavirus envelope protein 370 

E2 (Fig 5A). In contrast, such actin rearrangements were not observed in RVFV- or mock-371 

infected cells (Fig 5A).  372 

 373 

Fig 5. Alphavirus infection causes actin rearrangements into actin foci that are Rac1- and 374 

Arp3-dependent and that co-localize with Rac1, PIP5K1-α, and E2. 375 

 (A) Representative confocal images of mock-, VEEV-, CHIKV-, or RVFV-infected HeLa cells 376 

(MOIs = 0.5, 5, or 3, respectively). Cells were fixed and stained with virus-specific antibodies 377 

(VEEV and CHIKV E2, RVFV NP; shown in green) and phalloidin (red) 18 h (VEEV) or 24 h 378 

(CHIKV, RVFV) after infection. Nucleus staining is shown in blue. Representative actin foci are 379 

indicated by asterisks. (B) High-content quantitative image-based analysis was used to measure 380 

infection rates of VEEV, CHIKV, and RVFV (left panel), and the number of actin foci per cell 381 

(number of actin foci/total cell number, right panel). Analysis is based on single Z sections. ***, 382 

p  < 0.0001, Student's t test (between the sample and mock). (C) VEEV-infected HeLa cells 383 

(MOI=0.5) were fixed in formalin at the indicated time points, stained and analyzed as in (B). 384 

(B–C) Values represent the mean ± SD, n ≥12. (D) Representative confocal images of VEEV-385 

infected HeLa cells (MOI=0.5) pretreated with the Rac1 inhibitor EHT1864 or Arp3 inhibitor 386 

CK548. Cells were fixed 18 h after virus addition and stained with VEEV E2-specific antibody 387 

(green), phalloidin (red), and a nuclear stain (blue). (E) High-content quantitative image-based 388 
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analysis was used to measure infection rates of VEEV and the number of actin foci per cell. (F) 389 

Confocal images of VEEV-infected HeLa cells (MOI=5). Co-localization of HA-tagged PIP5K1-390 

α (top panel) or Rac1 (bottom panel) (blue), actin (red), and VEEV E2 (green), at a single z 391 

section is shown, as well as single channel intensities measured along lines crossing different 392 

actin clusters. Insets: zoom on actin filaments indicated by white arrows. VEEV was added to 393 

HeLa cells that were reverse-transfected with a plasmid encoding HA-tagged PIP5K1-α or 394 

tetracycline-induced T-Rex HeLa cells that expressed Rac1 fused to eGFP. Cells were fixed 20 h 395 

later, permeabilized, and stained with VEEV E2-specific antibody, phalloidin, and an antibody 396 

against HA. 397 

 398 

 Actin foci (measured as the number of foci per cell) were further quantified in mock-, 399 

VEEV-, CHIKV-, and RVFV-infected cells (Fig 5B). These foci were detected as early as 7 h 400 

after VEEV inoculation (Fig 5C) and could also be detected upon infection with other 401 

alphaviruses (EEEV, WEEV, and SINV, S5A Fig). We also tested whether alphavirus nsP1, 402 

which was previously shown to mediate disruption of actin stress fibers and induction of 403 

filopodia-like extensions [34], could induce generation of actin foci. Expression of VEEV TC83 404 

nsP1 in HeLa cells did induce filopodia-like extensions. However, no actin foci were observed 405 

(S5B Fig). Overall, our results demonstrate that, as early as 7 h post inoculation with 406 

alphaviruses, infection causes major cellular actin rearrangements leading to the formation of 407 

actin foci that are not nsP1-dependent and that co-localize with the alphavirus envelope protein 408 

E2. 409 

Rac1 and Arp3 Inhibitors Reduce Actin Focus Formation in Alphavirus-infected Cells 410 

Because our data suggested that the function of Rac1 and Arp3, and the formation of actin foci, 411 
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take place late in infection (Figure 3 and 5), we speculated that Rac1 and Arp3 proteins might 412 

play a role in this alphavirus-induced actin remodeling. To test this hypothesis, HeLa cells were 413 

treated with increasing concentrations of Rac1 or Arp3 inhibitors, infected with VEEV, and 414 

subsequently stained with fluorescent phalloidin and antibodies against E2. Treatment with either 415 

the Rac1 (EHT1864) or Arp3 (CK548) inhibitor significantly reduced the number of actin foci 416 

and the percentage of infected cells in a dose-dependent manner (Fig 5D-E). In fact, under these 417 

conditions actin foci were rarely observed in confocal images even in E2-positive cells. These 418 

observations clarify that Rac1 and Arp3 function upstream of the major actin rearrangements 419 

detected in VEEV-infected cells. 420 

Rac1 and PIP5K1-α Co-localize with E2 on Actin Foci and Actin Filaments 421 

Since Rac1-PIP5K1-α complex formation plays a role in alphavirus infection (Fig 2) and because 422 

Rac1 inhibitor reduced actin foci formation in alphavirus-infected cells (Fig 5), we next 423 

examined whether both host factors could be observed on actin foci and/or filaments within 424 

alphavirus-infected cells. Basal-to-apical confocal section series of VEEV-infected HeLa cells 425 

are shown in Fig 5F. PIP5K1-α and Rac1 show increased co-localization with actin foci and E2 426 

towards the apical area (S5C-D Fig). Both host factors are also detected along actin filaments, 427 

where they co-localize with E2 (Fig 5F, inserts).  428 

Organization and Morphology of Actin Foci and their Co-Localization with the E2 429 

Glycoprotein  430 

To better characterize the nature of the observed actin foci within infected cells, we performed 431 

sequential scanning of cells stained for actin and alphavirus E2 in both stimulated emission 432 

depletion (STED) microscopy and confocal microscopy imaging modes (for comparison, see 433 

S6A Fig). With improved resolution of STED microscopy, actin foci within infected cells were 434 
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found to be clusters of filamentous actin with a diameter range of 5-11 μm (Fig 6A). Actin 435 

filaments within the clusters are seen with VEEV E2 puncta at their ends or along them (Fig 6A). 436 

On the cell periphery, E2 puncta are localized in proximity to actin filaments (Fig 6A). E2 puncta 437 

are also observed at the ends of actin filaments in primary human astrocytes, and in CHIKV-438 

infected HeLa cells (Fig 6B). 439 

 440 

Fig 6. Alphavirus E2 co-localizes with actin filaments and associates with actin. 441 

(A-B) Representative STED images of HeLa cells or primary human astrocytes infected with 442 

VEEV or with CHIKV (MOI=5). Cells were fixed, permeabilized, and stained with E2-specific 443 

antibodies (green) and phalloidin (red). Scale bar: 10 μm. (C) Electron-microscopic images of 444 

VEEV-infected HeLa cells (MOI=5). CPV-II structures and thin filaments, which probably 445 

correspond to actin, are indicated by filled and open arrows, respectively. An asterisk indicates 446 

CPV-I structures. (D) Western blot analysis of input lysates and immunoprecipitates (IP) of 447 

mock-, VEEV-, or RVFV-infected HeLa cells under different lysis conditions. Cells were 448 

infected for 8 h (MOI=1), lysed, and VEEV E2-, RVFV Gn-, or actin-binding proteins were 449 

immunoprecipitated using specific antibodies and immunoblotted with antibodies against VEEV 450 

E2, RVFV Gn, or actin. (*) indicates a non-specific band. 451 

 452 

 In a series of basal- (Section 7) to-apical (Section 25) confocal sections, a single VEEV-453 

infected cell can be seen with an actin cluster (S6B Fig). E2 co-localizes with the actin cluster, 454 

and cytoplasm/nucleus staining demonstrates that the generated actin cluster is localized within 455 

the cell (S6C Fig). In contrast, co-localization of E2 and microtubules was not significant (S6B 456 

Fig).  457 
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 We also performed electron=microscopic studies to examine the localization of 458 

cytoskeletal elements relative to alphaviral CPV-II structures, which compartmentalize the viral 459 

glycoproteins E1 and E2 and serve as transport vehicles for the glycoproteins from the TGN to 460 

the viral budding sites on the plasma membrane. Electron-microscopic studies of VEEV-infected 461 

cells (Fig 6C) show CPV-II structures alongside or at the end of thin filaments, which, based on 462 

size and morphology, most likely correspond to actin filaments [12]. CPV-I replication 463 

compartments are also present within these cells (Fig 6C, bottom right panel) [9].  464 

Alphavirus E2 Glycoprotein Associates with Actin  465 

Because alphavirus E2 co-localized with actin filaments in infected cells, we next tested whether 466 

VEEV E2 associates with actin. HeLa cells were infected with VEEV or RVFV (control) or left 467 

uninfected (mock). Virus envelope protein-binding factors were subsequently 468 

immunoprecipitated from cell lysates with antibodies to surface glycoproteins E2 (VEEV), or Gn 469 

(RVFV). Western blot analysis of the immunoprecipitated fraction (IP) showed enrichment of 470 

actin in E2 immunoprecipitates from VEEV-infected cells relative to mock-infected control 471 

(more than 4-fold increase by densitometry analysis, Fig 6D, left panel). Such an increase in 472 

immunoprecipitated actin was not observed or was minimal in Gn immunoprecipitates from 473 

RVFV-infected cells (1.5=fold or less increase by densitometry analysis, Fig 6D, middle panel). 474 

To confirm the E2-actin association, we repeated these immunoprecipitation assays using more 475 

stringent lysis and washing conditions and performed the reverse experiment using an antibody 476 

against actin to examine its ability to immunoprecipitate E2 from VEEV-infected cells. Our 477 

results show that antibodies against E2 immunoprecipitated actin (more than 8=fold increase by 478 

densitometry analysis) and antibodies against actin immunoprecipitated E2 (more than 4=fold 479 

increase by densitometry analysis) from VEEV-infected, but not from mock-infected cells (Fig 480 
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6D right panel). These results indicate that VEEV E2 either directly or indirectly associates with 481 

actin in lysates from infected cells. However, since our lysis buffer included detergent (NP-40), 482 

the observed association between E2 and actin was most likely not in the context of CPV-II 483 

structures.  484 

Actin, Rac1, and Arp3 Inhibitors Interfere with Alphavirus E2 Trafficking from TGN to 485 

the Cell Surface 486 

E2 was mainly localized in perinuclear puncta in cells treated with the Rac1 and Arp3 inhibitors, 487 

whereas in DMSO-treated cells E2 was found throughout the cytoplasm and at the plasma 488 

membrane (Fig 5D). Previous studies have demonstrated that the alphavirus glycoproteins E1/E2 489 

are transported from the TGN to the cell surface via TGN-derived vacuoles [12,35], suggesting 490 

that the observed puncta might represent TGN or TGN-derived vacuoles. We therefore 491 

hypothesized that Rac1- and Arp3-dependent actin remodeling in alphavirus-infected cells might 492 

be important for trafficking of E1/E2. To test this hypothesis, primary human astrocytes were 493 

treated with DMSO, EHT1864, or CK548 and then infected with VEEV. Cells were stained with 494 

antibodies against VEEV E2 glycoprotein and the TGN marker TGN46. VEEV E2 was primarily 495 

located at the cell surface in control DMSO-treated cells (Fig 7A, zoom 1). In some of the cells, 496 

E2 puncta co-localized with TGN46. However, upon treatment with the Rac1 or Arp3 inhibitors, 497 

E2 localization in TGN46-positive puncta was significantly enhanced (Fig 7A, zoom 2 and 3) 498 

and less E2 glycoprotein was observed at the cell surface. Quantification of TGN46-to-cell-499 

surface ratio of E2 staining intensity in control- or compound-treated VEEV-infected astrocytes 500 

is shown in S7A Fig. Similar experiments performed in HeLa cells using the inhibitors and the 501 

TGN marker GGA3 yielded comparable results (S7B Fig).  502 

 503 
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Figure 7. Actin, Rac1, and Arp3 inhibitors block E2 transport to cell surface.  504 

(A) Representative confocal images of primary human astrocytes treated with DMSO, EHT1864, 505 

or CK548 and subsequently infected with VEEV (MOI=0.005) for 18 h. Cells were stained with 506 

VEEV E2 (green)- and TGN46-specific antibodies (red), and a nuclear stain (blue). 507 

Representative cells showing co-localization of E2 and TGN46 are indicated with white arrows. 508 

(B and C) Upper panel: Geometrical mean fluorescent intensity of cell-surface E2 staining in 509 

HeLa cells infected with VEEV TC-83 (MOI=10) and treated with EHT1864, CK548, 510 

cytochalasin D, latrunculin A, or nocodazole as measured by flow cytometry. HeLa cells were 511 

infected with VEEV TC-83 for 5 h and subsequently treated with increasing concentrations of 512 

the inhibitors or DMSO (control). Five (B) or six (C) h later cells were dissociated and stained 513 

against VEEV E2 and with a 7-amino-actinomycin D viability dye. Bottom panel: Immunoblot 514 

of total E2 expression in whole cell lysates of HeLa cells described in (B) and (C). GAPDH was 515 

used as a loading control. Densitometric analysis of western blots was performed with ImageJ. 516 

(D) Model for trafficking of alphavirus E2 from the TGN to the cell surface. (1) Biogenesis of 517 

E1/E2-containing vacuoles (CPV-II) at the TGN is dependent on Arf1 and Rac1. (2) E1/E2-518 

containing CPV-II traffic to the cell surface via actin by a Rac1- and Arp3-dependent 519 

mechanism. Rac1 and PIP5K1-α are also localized to these actin filaments. (3) Actin tunneling 520 

nanotubes mediate alphavirion spread to neighboring cells.  521 

 522 

 In addition, we developed a flow cytometry-based assay for detection of VEEV E2 on the 523 

plasma membrane. We examined cell-surface expression of E2 following treatment with actin 524 

polymerization, microtubules depolymerization, Rac1, or Arp3 inhibitors. HeLa cells were 525 

infected with VEEV and 5 h later treated with increasing concentrations of EHT1864, CK548, 526 
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latrunculin A, cytochalasin D, or nocodazole. Cells were subsequently stained for surface 527 

expression of E2 and with the 7-amino-actinomycin D viability dye. Concomitantly, an aliquot 528 

of the cells of each treatment group was lysed and analyzed for total E2 expression in whole-cell 529 

lysates. None of the inhibitors significantly affected total protein levels of E2. However, the 530 

actin, Rac1, and Arp3 inhibitors decreased geometric mean fluorescence intensity of E2 on the 531 

cell surface in a dose-dependent manner (Fig 7B and 7C). In contrast, the microtubule inhibitor, 532 

nocodazole, had no effect on cell surface E2 expression. The effect of the actin, Rac1, and Arp3 533 

inhibitors on E2 surface expression was specific as no or minimal effect was observed on surface 534 

expression of cellular CD44 (S7C Fig).  535 

 Overall, our data suggest that actin, Rac1, and Arp3, but not microtubule, inhibitors might 536 

interfere with trafficking of E2 from the TGN or TGN-derived vacuoles to the cell surface. 537 

 538 

Localization of VEEV-induced Actin Foci, Rac1, and PIP5K1-α in Relation to the TGN 539 

To examine if the actin remodeling observed in alphavirus-infected cells is associated with any 540 

TGN membrane structures, we stained VEEV-infected cells with the TGN marker TGN46. Actin 541 

clusters were observed in the vicinity of TGN46 (Fig S8A) and VEEV E2 was detected on these 542 

actin clusters as well as co-localized with the TGN marker. Rac1 was also found to co-localize 543 

with the TGN marker and E2, whereas PIP5K1-α co-localized with E2 but not with TGN46 (Fig 544 

S8B and C). 545 

 546 

Discussion 547 

Reorganization of the host cytoskeleton varies among infections by different viruses and can 548 

play a role in every stage of the viral life cycle. Examples include virion movement (surfing) 549 
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towards entry sites and actin-enhanced endocytic entry pathways as well as actin-based, 550 

filopodial extensions (termed tunnelling nanotubes) that act as bridges to facilitate virus spread 551 

(reviewed in [36-39]). 552 

 Here, using an siRNA screen, we identified trafficking host factors that are important for 553 

alphavirus infection and are crucial regulators of the actin cytoskeleton. To date, Rac1- and 554 

Arp2/3-mediated actin rearrangements have mainly been associated with virus uptake and entry 555 

[30,40-44]. Rac1 is predominantly known as a key regulator of the actin cytoskeleton at the 556 

plasma membrane [45]. There, Abelson interactor 1 (Abi1) and Wiskott-Aldrich syndrome 557 

protein (WASP) family verprolin-homologous protein (WAVE), but not neural (N)-WASP, are 558 

essential for Rac1-dependent membrane protrusion and macropinocytosis [46].  559 

 Recently, however, Rac1, the Arp2/3 complex, and actin have emerged as major factors 560 

in the secretory pathway in processes such as biogenesis and motion of Golgi-derived transport 561 

carriers to the plasma membrane [47-50]. During formation of TGN carriers, Rac1 functions 562 

downstream of ADP-ribosylation factor 1 (Arf1). Arf1 recruits clathrin/adaptor protein 1 (AP-1)-563 

coated carriers and a complex composed of cytoplasmic fragile X mental retardation 1 (FMR1)-564 

interacting protein (CYFIP), nucleosome assembly protein 1 (NAP1), and Abi1 to the TGN. 565 

Rac1 and its exchange factor Rho guanine nucleotide exchange factor 7 (ARHGEF7) bind 566 

CYFIP and trigger N-WASP- and Arp2/3-mediated actin polymerization necessary to tubulate 567 

clathrin-AP-1-coated carriers [51]. Therefore, during alphavirus infection, Rac1 could potentially 568 

be recruited to the TGN to mediate biogenesis of E2-containing vesicles and/or their transport 569 

from the TGN to the cell surface via actin (see model, Fig 7D). In support of this hypothesis, 570 

some of the host factors mentioned above, such as clathrin heavy chain 1 (CLTC), AP-1 subunits 571 

(AP1M1), and Arf1 were identified as hits in our primary and validation siRNA knockdown 572 
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screens (S1 and S2 Tables). Furthermore, siRNAs targeting N-WASP reduced the infection rate 573 

of both VEEV and CHIKV (S1B Fig). Finally, during VEEV infection Rac1 was found to co-574 

localize with E2 at the TGN (Fig S8). Hence, it is plausible that Arf1 functions upstream of Rac1 575 

to facilitate biogenesis and/or motion of E2 transport carriers from the TGN to the plasma 576 

membrane and that this transport is mediated by N-WASP. 577 

Viruses have evolved specific egress pathways for transporting viral components to the 578 

plasma membrane, often using the cell’s secretory pathway via the endoplasmic reticulum, the 579 

Golgi, and even transport vesicles. Most exocytic transport of cellular secretory cargo to the 580 

plasma membrane relies on microtubules for long-range translocations [52,53]. The microtubule 581 

network is also emerging as the preferred cytoskeletal element recruited for transportation of 582 

viral components to the cell surface [54-57]. Examples are delivery of influenza A virus 583 

hemagglutinin membrane glycoprotein to the apical surface of MDCK cells [58] and vesicular 584 

stomatitis Indiana virus glycoprotein G trafficking from the TGN-to-plasma membrane [59]. 585 

 In contrast, our results demonstrate that transport of the alphavirus membrane glycoprotein 586 

E2 is at least in part dependent on actin and actin regulators (Rac1 and Arp3). We hypothesize 587 

that the coordinated activities of PIP5K1-α, Rac1, and the Arp2/3 complex might mediate 588 

alphavirus envelope E2 trafficking from the TGN to the cell surface via actin. Several results 589 

support this actin-dependent transport model (Fig 7D). First, time-of-addition experiments with 590 

Rac1 and Arp3 inhibitors demonstrated that both factors function at a late stage of virus infection 591 

(Fig 3). Second, within a similar time frame (concomitantly with E2 expression in infected cells) 592 

major actin rearrangements into clusters occur in alphavirus-infected cells (Fig 3 and 5). Super 593 

high-resolution fluorescence microscopy and electron microscopy show that E2 or E1/E2-594 

containing CPV-II structures, respectively, are localized along or at the end of actin filaments. 595 
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Rac1 and PIP5K1-α also co-localize with E2 on actin foci (Fig 5), and in infected cell lysates E2 596 

envelope protein was found to associate (either directly or indirectly) with actin (Fig 6). Third, 597 

Rac1 and Arp3 inhibitors blocked formation of virus-induced actin clusters (Fig 5). In cells 598 

treated with actin, Rac1, or Arp3 inhibitors, most of the E2 staining was found to localize with 599 

TGN markers, and E2 levels at the cell surface were reduced (Fig 7). We have not yet examined 600 

the role of actin, PIP5K1-α, Rac1, and the Arp2/3 complex in E1 trafficking. However, since E1 601 

and E2 are oligomerized into trimeric complexes during transit to the plasma membrane in CPV-602 

II structures [60] we speculate that these host factors will have a similar function in trafficking of 603 

both viral proteins. 604 

 Actin dynamics are involved in numerous aspects of intracellular transport. However, 605 

little is known regarding manipulation of these host machineries by pathogenic alphaviruses. 606 

Viruses can serve as unique tools to decipher how a particular cargo recruits actin filament tracks 607 

and the host factors and motors associated with these movements. Our results suggest a 608 

previously unidentified role of host factors Rac1, Arp3 and PIP5K1-α late in alphavirus infection 609 

via actin remodeling that possibly mediates transport of alphavirus envelope glycoproteins from 610 

the TGN to the cell surface. It is important to note that although our data indicate that actin plays 611 

a major role in alphavirus glycoprotein transport, our experiments do not exclude the existence 612 

of other, parallel, transport mechanisms mediated by intermediate filaments or microtubules. 613 

Recombinant alphaviruses expressing tagged E2 could be useful to further substantiate our 614 

findings. However, until now, we have not succeeded in rescuing such viruses. Finally, our high-615 

content siRNA screen reveals novel host regulators of alphavirus infection and potential therapy 616 

targets. 617 

Materials and Methods 618 
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siRNA Screens 619 

An arrayed library targeting 140 trafficking genes (Dharmacon Human ON-TARGETplus 620 

siRNA Library - Membrane Trafficking - SMARTpool, G-105500-05, Thermo Scientific, 621 

Lafayette, CO) was used to transiently reverse-transfected HeLa cells (10,000 cells per well, 96-622 

well format) in triplicate at a 30 nM final concentration, using HiPerfect (Qiagen). Cells were 623 

washed on the following day and 24 h later infected with VEEV ICS-SH3 at a multiplicity of 624 

infection (MOI) of 0.5 for 20 h. Cells were fixed with 10% formalin (Val Tech Diagnostics), and 625 

stained for high-content quantitative image-based analysis. The screen was repeated three times. 626 

In 6 wells on each plate, cells were transfected with a negative control siRNA (NT, siCONTROL 627 

Non-Targeting siRNA #2, Dharmacon D-001210-02). The infection rate of control siRNA-628 

transfected cells was optimized to yield, on average, 70–80%, following multiple virus 629 

replication cycles.  630 

 For the primary screen, siRNA pools were classified as hits if the average of triplicate 631 

wells showed that the percentage of VEEV-positive cells was decreased by more than 30% as 632 

compared to that observed with the control siRNA wells on the plate (Z-score <-2 SD). In the 633 

validation screen, the individual oligomers comprising each pool were placed into separate wells, 634 

and the screen was repeated. siRNA targets were considered validated if two or more of the 635 

individual oligomers were classified as hits compared to the control wells on the plate (similar 636 

parameters as above), and if the cell number was not less than 30% of the average of the negative 637 

control wells on the plate. The percent of infected cells relative to controls, as well as the 638 

normalized cell numbers (normalized to control siRNA) is provided in Table S1.  639 

Table 1. Sources of human-sequence reagents 640 

cDNA/Gene Primer Function Catalog Number / Vendor 
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Sequence 

RAC1-1 siRNA J-003560-14/ 

GUGAUUUCAUA

GCGAGUUU 

Dharmacon/Thermo Scientific 

RAC1-2 siRNA J-003560-15/ 

GUAGUUCUCAG

AUGCGUAA 

Dharmacon/Thermo Scientific 

RAC1-3 siRNA J-003560-16/ 

AUGAAAGUGUC

ACGGGUAA 

Dharmacon/Thermo Scientific 

RAC1-4 siRNA J-003560-17/ 

GAACUGCUAUU

UCCUCUAA 

Dharmacon/Thermo Scientific 

RAC1-5 siRNA s11711 Applied Biosystems/Life 

Technologies 

RAC1-6 siRNA s117112 Applied Biosystems/Life 

Technologies 

RAC1-7 siRNA s11713 Applied Biosystems/Life 

Technologies 

ACTR3-1 siRNA J-012077-06/ 

GCAGUAAAGGA

GCGCUAUA 

Dharmacon/Thermo Scientific 

ACTR3-2 siRNA J-012077-07/ 

GUGAUUGGCAG

CUGUAUUA 

Dharmacon/Thermo Scientific 
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ACTR3-3 siRNA J-012077-08/ 

GGAAUUGAGUG

GUGGUAGA 

Dharmacon/Thermo Scientific 

ACTR3-4 siRNA J-012077-09/ 

GCCAAAACCUA

UUGAUGUA 

Dharmacon/Thermo Scientific 

ACTR3-5 siRNA s19640 Applied Biosystems/Life 

Technologies 

ACTR3-6 siRNA s19641 Applied Biosystems/Life 

Technologies 

ACTR3-7 siRNA s19642 Applied Biosystems/Life 

Technologies 

PIP5K1A-1 siRNA J-004780-09/ 

ACACAGUACUC

AGUUGAUA 

Dharmacon/Thermo Scientific 

PIP5K1A-2 siRNA J-004780-10/ 

GCACAACGAGA

GCCCUUAA 

Dharmacon/Thermo Scientific 

PIP5K1A-3 siRNA J-004780-11/ 

GUGGUUCCCUA

UUCUAUGU 

Dharmacon/Thermo Scientific 

PIP5K1A-4 siRNA J-004780-12/ 

GUAAGACCCUG

CAGCGUGA 

Dharmacon/Thermo Scientific 

PIP5K1A-5 siRNA s15932 Applied Biosystems/Life 
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Technologies 

WASL-1 siRNA s17132 Applied Biosystems/Life 

Technologies 

WASL-2 siRNA s17133 Applied Biosystems/Life 

Technologies 

WASL-3 siRNA s17134 Applied Biosystems/Life 

Technologies 

PPIB qRT-PCR Hs00168719_m1 Applied Biosystems/Life 

Technologies 

PIP5K1A qRT-PCR Hs00801004_s1 Applied Biosystems/Life 

Technologies 

TC83 forward 

primer 

qRT-PCR CTTGGCAAACC

TCTGGCAGC 

Life Technologies 

TC83 Probe qRT-PCR 6FAM-

CTCTTCATGCAA

TGCCCTTCTCCT

GTCA 

Life Technologies 

TC83 reverse 

primer  

qRT-PCR ATACCCACTCG

GTTCCAGCG 

Life Technologies 

Rac1 K186E 

forward 

primer 

Site-directed 

mutagenesis 

5'-CCC GCC TCC 

CGT GAA GAA 

GAA GGA GAG 

AAA ATG CC-3' 

Integrated DNA Technologies 

Rac1 K186E 

reverse primer 

Site-directed 

mutagenesis 

5'-GGC ATT TTC 

TCT CCT TCT 

Integrated DNA Technologies 
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TCT TCA CGG 

GAG GCG GG-3' 

 641 

Cell Lines and Plasmid Constructs  642 

HeLa (ATCC, #CCL-2), BHK-21 (ATCC, #CCL-10), and Vero cells (ATCC, #CCL-81) were 643 

maintained in Eagle’s minimum essential medium supplemented with 10% fetal calf serum. T-644 

REx-HeLa cells expressing human wild type Rac1 fused to eGFP, and Flp-In 293 T-REx cells 645 

expressing human wild type Rac1, Rac1 G12V, Rac1 T17N, Rac1 K186E or CAT upon 646 

tetracycline induction were generated by using the T-REx System or the Flp-In T-REx system, 647 

respectively, according to the manufacturer's instructions (Life Technologies). Cells were 648 

induced to express wild-type human Rac1, variants thereof, or CAT in 96-well plates by adding 649 

tetracycline (1 μg/ml) to the growth medium. Normal human astrocytes were obtained from 650 

Lonza and maintained according to the provider's instructions. Plasmids encoding Rac1 variants 651 

(wild-type Rac1, Rac1 T17N or Rac1 G12V) fused to a myc tag were purchased from the 652 

Missouri S&T cDNA Resource Center (www.cdna.org). A plasmid encoding Rac1 K186E was 653 

generated by using the QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent 654 

Technologies). A plasmid encoding pcDNA3-EGFP-Rac1-wt was obtained from Addgene.  655 

Antibodies, Dyes, and Pharmacological Inhibitors 656 

Mouse monoclonal antibodies against CHIKV (2D21-1), EEEV (1C2), VEEV (1A4A-1), WEEV 657 

(9F12), and RVFV envelope glycoprotein Gn (4D4) and NP (R3-ID8-1-1) were obtained from 658 

USAMRIID archives [61]. Goat antibody against VEEV capsid (C) or envelope protein was 659 

generously provided by AlphaVax (via Kurt Kamrud). Rabbit antibodies against Arp3, actin, N-660 

WASP, GAPDH, FLAG, and HA were obtained from Sigma-Aldrich. Mouse monoclonal 661 

antibodies against actin, CD44, GGA3, and Rac1 were purchased from BD Transduction 662 
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Laboratories. Rabbit antibody against α/β-tubulin was obtained from Cell Signaling Technology. 663 

Sheep anti-human TGN46 antibody was from AbD Serotec. Alexa Fluor-conjugated antibodies 664 

and phalloidin, Hoechst 33342, and HCS CellMask Red were obtained from Life Technologies. 665 

All chemical inhibitors were purchased from Sigma-Aldrich, with the exception of EHT1864 666 

(Tocris Bioscience). Cells were incubated with inhibitors for 1 h before addition of viruses 667 

unless otherwise indicated in the figure legend.  668 

Virus Infections, Viral Transduction, and Replicon Assays 669 

Infections with VEEV IC-SH3, EEEV FL91-4679, WEEV CBA87, RVFV ZH501, and CHIKV 670 

AF15561 were conducted under Biosafety Laboratory 3 conditions. All alphaviruses were 671 

propagated in BHK-21 cells and purified via sucrose gradients. RVFV was propagated in Vero 672 

cells. Viral infectivity was titrated by plaque assays as previously described [62].  673 

 MoMLV-eGFP pseudotypes carrying the VEEV envelope proteins E1/E2 or Ebola virus 674 

envelope GP1,2 (control) were produced as previously described [27,28,63]. MoMLV-eGFP 675 

pseudotypes were added to siRNA-treated HeLa cells for 6 h. Cells were then washed and 676 

supplemented with growth medium. Cell transduction efficiency was determined 2 days later by 677 

measuring eGFP expression using an Opera confocal reader (PerkinElmer). 678 

 For CHIKV replicon assays, we used the previously described BHK-CHIKV-NCT cells, 679 

which contain the CHIKV replicon with two reporter genes, Rluc and EGFP [31]. 680 

BHK-CHIKV-NCT cells were seeded onto 96-well plates at densities of 2×104 cells/well, 681 

incubated overnight, and treated with the indicated compounds at various concentrations. After 682 

exposure for 48 h, the Renilla luciferase (Rluc) activity resulting from the translation of CHIKV-683 

Rluc genomic RNA was determined from the lysates using a Renilla luciferase assay kit 684 

(Promega) with a Tecan microplate reader. 685 
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Immunoprecipitation and Western Blot Analyses 686 

HeLa cells in 6-well plates were infected with VEEV TC-83 or RVFV MP12 (MOI=1) for 8 h. 687 

Cells were lysed in a mild lysis buffer (50 mM Tris pH 7.4, 50 mM NaCl, 0.2 mM EDTA, and 688 

1% Triton X-100) or a lysis buffer (25 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 5% 689 

glycerol, and 1% NP-40) from Pierce Crosslink Immunoprecipitation Kit supplemented with 690 

Complete protease inhibitor cocktail (Thermo Scientific Pierce). Cleared lysates were incubated 691 

overnight at 4°C with protein A/G beads (Thermo Scientific Pierce) and VEEV E2- or RVFV 692 

Gn-specific antibodies or with beads cross-linked to antibodies against VEEV E2 or actin. Cell 693 

lysate immunoprecipitates were analyzed by SDS-PAGE and immunoblotting using the indicated 694 

antibodies. 695 

 For western blot analyses, cells were lysed with RIPA lysis and extraction buffer 696 

supplemented with complete protease inhibitor cocktail (Thermo Scientific Pierce). Cleared 697 

lysates were analyzed by SDS-PAGE and immunoblotting using WesternBreeze chromogenic or 698 

chemiluminescent kits (Life Technologies) and the indicated antibodies. Densitometric analysis 699 

of western blots was performed with ImageJ [64]. 700 

Stimulated Emission Depletion Microscopy (STED) 701 

Cells were grown on glass cover slips and inoculated with VEEV or CHIKV for 1 h. Cells were 702 

fixed 20 h (VEEV) or 48 h (CHIKV) later, permeabilized with 0.5% Triton X-100 (Sigma-703 

Aldrich) in PBS, blocked with 3% BSA in PBS for 1 h, and stained using mouse anti-E2 704 

antibodies (1:1,000 dilution), followed by ATTO 647N Goat Anti-Mouse IgG (Active Motif) 705 

(1:2,000 dilution). Actin was stained with Phalloidin ATTO 565 (Sigma-Aldrich) (1:80 dilution). 706 

Slides were mounted in ProLong Gold Antifade Reagent (Life Technologies) and dried overnight 707 

at room temperature before imaging. All confocal images were acquired on the Leica SP5 TCS 708 
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2C STED confocal system (Leica Microsystems) equipped with Leica’s inverted DMI 6000 709 

microscope and STED 100x oil objective.  Images were acquired at an imaging speed of 400 Hz, 710 

pin hole set to Airy1, line average of 6, and 1024 X 1024 formats. For STED of ATTO dyes, the 711 

pulsed Ti:SA infra red laser (Mai Tai, model # MAI TAI BB990, Spectra-Physics) was tuned to 712 

740 nm.  713 

Electron Microscopy 714 

HeLa cells grown on a MatTek dish (MatTek corporation, MA) were infected with VEEV TC83 715 

(MOI=5) for 20 h. Cells were fixed for 1 h in primary fixative (2.5% formaldehyde, 2.5% 716 

glutaraldehyde, 0.1 M sodium cacodylate, pH 7.4), washed three times in ice-cold 0.1 M sodium 717 

cacodylate buffer, incubated with 1% osmium tetroxide in 0.1 M sodium cacodylate for 1 h, 718 

washed three times with distilled water, stained and stabilized on ice in ice-cold 2% uranyl 719 

acetate for 1 h and successively dehydrated on ice in ethanol series of 22%, 50%, 75%, and 95%. 720 

The cells were then dehydrated three times at room temperature in 100% ethanol and infiltrated 721 

in well-mixed 50% ethanol, 50% Durcupan ACM resin (Fluka, Sigma-Aldrich) for 1 h with 722 

agitation. Cells were infiltrated twice by 100% Durcupan ACM for 3 h with agitation, after 723 

which the samples were placed in an oven and allowed to polymerized at 60 °C for at least 48 h. 724 

The glass coverslip was peeled away from the bottom using a razor blade and the selected area 725 

was cut out and glued to a block for sectioning. Thin sections (approximately 80 nm) were 726 

collected and pre-stained with 1% uranyl acetate and Sato lead before examination on a JEOL 727 

1011 transmission electron microscope at 80 kV. Digital images were acquired using an AMT 728 

camera system.  729 

Immunofluorescence and High-content Quantitative Image-based Analysis 730 
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Plasmid encoding HA-tagged PIP5K1α was generously provided by Dr. Richard Anderson 731 

(University of Wisconsin). Plasmid encoding FLAG-tagged nsP1 was generated in-house by 732 

PCR. Plasmids were transiently reverse-transfected into HeLa cells on glass coverslips (Fisher 733 

Scientific) using Lipofectamine LTX Reagent (Life Technologies). T-REx HeLa cells on glass 734 

coverslips were induced with tetracycline for 24 h to express Rac1-eGFP. VEEV-infected cells 735 

were fixed, permeabilized, and blocked as described for STED. After incubation with primary 736 

antibodies and fluorescent secondary antibodies, slides were mounted as described for STED and 737 

air-dried before imaging with a Leica TCS-SP5 confocal/multiphoton microscope (Leica 738 

Microsystems). All confocal images represent a single plane acquired with a 100× oil objective. 739 

Similar experimental conditions were used for imaging studies of actin, tubulin, TGN46, and 740 

VEEV E2 in HeLa cells. Co-localization analysis of tubulin or actin with VEEV E2 was 741 

performed with the ImageJ program using the Interactive 3D Surface Plot plugin [64]. 742 

For analysis of the siRNA screen, cells were stained without prior permeabilization. Cells 743 

inoculated with CHIKV, EEEV, RVFV, WEEV or SINV or cells processed for phalloidin or 744 

TGN staining were permeabilized prior to blocking as described above. Cells were then stained 745 

with murine monoclonal antibodies against the indicated viral proteins (1:1,000 dilution) and, 746 

where indicated, against TGN46 or GGA3 (1:250 dilution). Subsequently, cells were stained 747 

with appropriate Alexa Fluor-conjugated antibodies (1:1,000 dilution), and Alexa Fluor 568 748 

Phalloidin (1:100 dilution) where indicated. All infected cells were also stained with Hoechst 749 

33342 and HCS CellMask DeepRed for nuclei and cytoplasm detection, respectively. 750 

High-content quantitative imaging data were acquired and analyzed on an Opera QEHS 751 

(quadruple excitation high sensitivity) confocal reader (model 3842 and 5025; Perkin-Elmer), at 752 

two exposures using a ×10 air, ×20 water, or ×40 water objective lenses as described in [65]. 753 
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Analysis of the images was accomplished using Acapella 2.0, 2.6, 2.7 (Perkin-Elmer) scripts in 754 

Evoshell or the building-blocks interface in the Columbus image analysis server. Nuclei and 755 

cytoplasm staining were used to determine total cell number and cell borders, respectively. 756 

Mock-infected cells were used to establish a fluorescence intensity threshold for virus-specific 757 

staining. Quantification of virus positive cells was subsequently performed based on mean 758 

fluorescent intensities in the virus-specific staining channel. Infection rates were then determined 759 

by dividing the number of virus positive cells by the total number of cells measured. Detailed 760 

pipelines for image-based quantification of alphavirus-induced actin foci and TGN46-to-plasma 761 

membrane E2 staining intensity ratio are available upon request. At least 5000 cells and up to 762 

15,000 cells were analyzed per replicate in drug- or siRNA-treated cells. For actin foci analysis, 763 

1000–1500 cells were used per replicate. For analysis of TGN46-to-plasma membrane E2 764 

staining intensity ratio, 700 cells were used per replicate. 765 

Flow Cytometry 766 

HeLa cells in 12-well plates were inoculated with VEEV TC-83 (MOI=10) for 5 h. DMSO, 767 

EHT1864, CK548, nocodazole, latrunculin A, or cytochalasin D were subsequently added at the 768 

indicated concentrations. Five or 6 h later, cells were detached with Cell Dissociation Buffer 769 

(Life Technologies) and washed with flow buffer (PBS/0.5% BSA/2mM EDTA). Cells were 770 

incubated with mouse anti-VEEV E2, or CD44 primary antibody (1:1,000 dilution in flow 771 

buffer) for 30 min on ice and then washed twice with ice-cold flow buffer. Cells were incubated 772 

for 20 min in the dark with Alexa Fluor 488 Goat Anti-Mouse IgG secondary antibody (Life 773 

Technologies) (1:5,000 dilution in ice-cold flow buffer) and with 7-amino-actinomycin D to 774 

exclude dead cells from analysis (1:500 dilution). Following two more washes with ice-cold flow 775 
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buffer, cells were fixed in 1% paraformaldehyde. Cytometric collection was performed using a 776 

FACS Canto II (BD Biosciences), and data were analyzed using Flowjo v7.6.5 (TreeStar).  777 

qRT-PCR 778 

VEEV TC-83 RNA yields in the media and in the cells as well as relative expression levels of 779 

PIP5K1α in siRNA-treated HeLa cells were determined by qRT-PCR as previously described 780 

[65]. Serial 10-fold dilutions of the assayed (102 to 107 copies) virus were used as standards. 781 

Relative expression levels were determined by using the comparative CT method.  782 

Statistical Analysis 783 

Data are representative of at least three independent experiments, and values are given as mean 784 

of triplicates ± standard deviation (SD) unless otherwise indicated. Statistical significance was 785 

determined by the paired Student’s t test.  786 
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The primary screen was performed using a pool of four siRNA duplexes per gene from a 954 

Dharmacon Membrane Trafficking library. The measured effects of each annotated siRNA pool 955 

on VEEV infection rate and cell number is normalized to that observed with control siRNA. 956 

 957 

S2 Table. Summary of the follow-up siRNA screen. 958 

For the deconvolution screen, the four individual duplexes siRNAs from each siRNA pool were 959 

used. The measured effects of each annotated siRNA duplex on VEEV infection rate and cell 960 

number is normalized to that observed with control siRNA. 961 

 962 

S1 Fig. siRNA screen identifies host regulators of alphavirus infection. 963 

(A) High-content quantitative image-based analysis was used to measure relative infection rates 964 

(normalized to control siRNA-treated cells) of CHIKV in HeLa cells pretreated with the 965 

indicated siRNAs. Cells were infected for 24 h (CHIKV, MOI=5), fixed and stained with 966 

antibodies against E2. (B) HeLa cells were pretreated with the indicated siRNAs and infected for 967 

20 h with VEEV (MOI=0.5) or for 24 h with CHIKV (MOI=5). Cells were fixed, stained, and 968 

analyzed as in (A). Protein levels of N-WASP and actin (loading control) following siRNA 969 

treatment were determined by immunoblotting. Values represent the mean ± SD, n = 3. 970 

 971 

S2 Fig. Rac1, Arp3, and formation of a Rac1:PIP5K1-α complex are important for 972 

alphavirus infection. 973 

(A) Primary human astrocytes were treated with increasing concentrations of CK548 and 974 

subsequently infected with EEEV or WEEV (MOI=0.005). Cells were fixed in formalin 19 h 975 

after infection, stained with virus-specific antibodies and analyzed using an Opera confocal 976 
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imager. Results are normalized to DMSO-treated samples. (B) HeLa cells were treated with 977 

CK548 or EHT1864 and subsequently infected with CHIKV or SINV (MOI=5). Cells were fixed 978 

20 h (SINV) or 48 h (CHIKV) later and analyzed as in (A). (C) Representative confocal images 979 

of (Fig 2F). VEEV E2 glycoprotein staining is shown in green and nucleus/cytoplasm staining is 980 

shown in red. (D) Flp-In T-REx 293 cells pre-induced to express chloramphenicol 981 

acetyltransferase (CAT), wild-type Rac1, or variants thereof were infected with VEEV 982 

(MOI=0.1). After 18 h, virus titer in the supernatants was determined by plaque assay. **, p < 983 

0.01, Student's t test (between samples and CAT). (E) Representative confocal images of (Fig 984 

2H). Coloring as in (C). (F) Confocal images of Flp-In T-REx 293 cells that were induced as in 985 

(D), inoculated with WEEV (MOI=0.005), fixed 18 h later, and stained with virus-specific 986 

antibodies (green) and nuclear stain (blue). (G, H) High-content quantitative image-based 987 

analysis of CHIKV infection rates in Flp-In T-REx 293 cells pre-induced as in (D). Cells were 988 

fixed 24 h after virus inoculation and stained with virus-specific antibodies. (I) Representative 989 

confocal images of (G, H). CHIKV E2 glycoprotein staining is shown in green and 990 

nucleus/cytoplasm staining is shown in red. All values represent the mean ± SD, n = 3. 991 

 992 

Fig S3. Rac1 and Arp3 act at a late stage of alphavirus infection.  993 

(A) Time course of VEEV TC-83 (MOI=10) infection in HeLa cells. Media containing 994 

extracellular virus were harvested at the indicated time points for qRT-PCR analysis of virion 995 

copy number (left panel), and cells were fixed, stained with VEEV E2-specific antibody and 996 

analyzed with an Opera confocal reader by high-content quantitative image-based analysis (right 997 

panel). (B) High-content quantitative image-based analysis of relative VEEV TC-83 infection 998 

rates (normalized to DMSO-treated samples) in time-of-addition experiments. VEEV-infected 999 
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HeLa cells (MOI=1) were treated with increasing concentrations of the Rac1 inhibitor EHT1864, 1000 

or the Arp3 inhibitor CK548 at the indicated time points prior to (-1 h) or after (+1–7 h) virus 1001 

addition. Cells were fixed 12 h after addition of virus and stained with virus-specific antibodies. 1002 

Values represent the mean ± SD, n = 3. (C) Plaque assays were used to measure VEEV titer in 1003 

supernatants of HeLa cells pretreated with the indicated concentrations of the inhibitors. Cells 1004 

were treated with inhibitors 5 h after inoculation with VEEV (MOI=0.5), and virus-containing 1005 

media was harvested for analysis 17 h later. Values represent the mean ± SD, n = 3. **, p < 0.01, 1006 

Student's t test (between samples and DMSO). (D) BHK-CHIKV-NCT cells expressing a 1007 

CHIKV replicon with a Renilla luciferase reporter were treated with increasing concentrations of 1008 

EHT1864, CK548, or T705 (a nucleotide prodrug, positive control). After 48 h, Renilla 1009 

luciferase (Rluc) activity was determined from the lysates. 1010 

 1011 

S4 Fig. Actin polymerization plays a role at a late stage of alphavirus infection. 1012 

(A) HeLa cells or primary human astrocytes were infected with VEEV (MOI=0.5) or VEEV TC-1013 

83 (MOI=0.005) for 3 h (HeLa) or 5 h (astrocytes) and then treated with increasing 1014 

concentrations of nocodazole. After 6 h (astrocytes) or 17 h (HeLa), virus titer in the 1015 

supernatants was determined by plaque assay. Values represent the mean ± SD, n = 3. (B) 1016 

Representative confocal images of (Fig 4C). VEEV E2 staining is shown in green, nucleus 1017 

staining is shown in blue, and tubulin staining is shown in red (top panel: magnification: 10x; 1018 

bottom panel: magnification: 40x). (C). Representative confocal images of (Fig 4C). VEEV E2 1019 

staining is shown in green, nucleus staining is shown in blue, and actin staining is shown in red 1020 

(top panel: magnification: 10x; bottom panel: magnification: 40x). (D) BHK-CHIKV-NCT cells 1021 

expressing a CHIKV replicon with a Renilla luciferase reporter were treated with increasing 1022 
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concentrations of the indicated inhibitors. After 48 h, Renilla luciferase (Rluc) activity was 1023 

determined from the lysates. 1024 

 1025 

S5 Fig. Alphavirus infection causes actin rearrangements into actin foci that co-localize 1026 

with Rac1, PIP5K1-α, and E2. 1027 

(A) HeLa cells were inoculated with WEEV (MOI=2), EEEV (MOI=1), or SINV (MOI=5), 1028 

fixed 24 h later, and stained with virus-specific antibodies and fluorescent phalloidin. High-1029 

content quantitative image-based analysis was used to measure virus infection rates (left panel) 1030 

as well as number of actin foci per cell (right panel). ***, p < 0.0001, Student's t test (between 1031 

samples and mock). (B) HeLa cells were transfected with an expression plasmids encoding 1032 

VEEV nsP1-FLAG. Cells were fixed 24 h later and stained with antibodies against FLAG 1033 

(green), and fluorescent phalloidin (red). Confocal images of single Z sections are shown as well 1034 

as a Z stack image (merged Z sections) of actin staining. Representative actin filopodia are 1035 

indicated by asterisks. (C-D) Basal-to-apical confocal section series of VEEV-infected HeLa 1036 

cells (MOI=5). Co-localization of HA-tagged PIP5K1-α (C) or Rac1 (D) (blue), actin (red), and 1037 

VEEV E2 (green), at different z sections is shown, as well as single channel intensities measured 1038 

along lines crossing different actin clusters. Insets: zoom on actin filaments indicated by white 1039 

arrows. Nuclei are indicated by asterisks. VEEV was added to (C) HeLa cells that were reverse-1040 

transfected with a plasmid encoding HA-tagged PIP5K1-α or (D) tetracycline-induced T-Rex 1041 

HeLa cells that expressed Rac1 fused to eGFP. Cells were fixed 20 h later, permeabilized, and 1042 

stained with VEEV E2-specific antibody, phalloidin, and an antibody against HA (C).  1043 

 1044 

S6 Fig. Alphavirus E2 co-localizes with actin but not with tubulin. 1045 
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(A) Representative images of VEEV-infected HeLa cells from Fig. 6A in confocal and STED 1046 

microscopy modes. E2 glycoprotein is shown in green and actin in red. (B) Co-localization of 1047 

tubulin (blue), actin (red), and E2 (green) in a VEEV-infected cell at different z sections from 1048 

base (Section 7) to apex (section 25). HeLa cells were infected with VEEV (MOI=5) for 20 h 1049 

and stained with antibodies against E2, tubulin, and fluorescent phalloidin. Pixel intensities of 1050 

tubulin (red) and E2 (green) staining are shown (bottom graphs). (C) Representative images of 1051 

VEEV-infected HeLa cells (as in B) stained with E2-specific antibodies (green), phalloidin (red) 1052 

and CellMask (grey in merge). Analysis of cell borders based on CellMask staining was 1053 

performed within the Columbus programming environment. 1054 

 1055 

S7 Fig. Rac1 and Arp3 inhibitors block E2 transport to cell surface.  1056 

(A) High-content quantitative image-based analysis was used to measure the TGN46-to-plasma 1057 

membrane E2 staining intensity ratio in VEEV-infected astrocytes. *, p < 0.05, **, p < 0.001, 1058 

Student's t test (between samples and DMSO). (B) Representative confocal images of HeLa cells 1059 

treated with DMSO, EHT1864 or CK548 at the indicated concentrations and subsequently 1060 

infected with VEEV (MOI=0.5). Cells were fixed and stained with VEEV E2 (green) and GGA3 1061 

(red)-specific antibodies and counterstained with Hoechst 3342 (blue) 20 h after infection 1062 

(magnification: 40x). Representative cells showing co-localization of E2 and GGA3 are 1063 

indicated with white arrows. (C) Geometrical mean fluorescent intensity of cell-surface CD44 1064 

staining in HeLa cells treated with EHT1864, CK548, cytochalasin D, latrunculin A, or 1065 

nocodazole as measured by flow cytometry. HeLa cells were treated with increasing 1066 

concentrations of the inhibitors or DMSO (control). Six h later cells were dissociated and stained 1067 

against CD44 and with a 7-AAD viability dye.  1068 
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 1069 

S8 Fig. Localization of actin foci, Rac1, and PIP5K1-α relative to TGN46. 1070 

VEEV (MOI=5) was added to (A) HeLa cells, or (B) HeLa cells that were reverse-transfected 1071 

with a plasmid encoding HA-tagged PIP5K1-α or (C) tetracycline-induced T-Rex HeLa cells that 1072 

express Rac1 fused to eGFP. Cells were fixed 20 h later, permeabilized, and stained with VEEV 1073 

E2- and TGN46-specific antibodies, as well as with phalloidin (A), and an antibody against HA 1074 

(B). Co-localization of actin (A), PIP5K1-α (B) or Rac1 (C), with TGN46 (white), and VEEV E2 1075 

(green), at a single z section. 1076 
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Abstract 21 

Little is known about the repertoire of cellular factors involved in the replication of pathogenic 22 

alphaviruses. To uncover molecular regulators of alphavirus infection and to identify candidate 23 

drug targets, we performed a high-content imaging-based siRNA screen. We revealed an actin-24 

remodeling pathway involving Rac1, PIP5K1- α, and Arp3, as essential for infection by 25 

pathogenic alphaviruses. Infection causes cellular actin rearrangements into large bundles of 26 

actin filaments termed actin foci. Actin foci are generated late in infection concomitantly with 27 

alphavirus envelope (E2) expression and are dependent on the activities of Rac1 and Arp3. E2 28 

associates with actin in alphavirus-infected cells and co-localizes with Rac1–PIP5K1-α along actin 29 

filaments in the context of actin foci. Finally, Rac1, Arp3, and actin polymerization inhibitors 30 

interfere with E2 trafficking from the trans-Golgi network to the cell surface, suggesting a 31 

plausible model in which transport of E2 to the cell surface is mediated via Rac1- and Arp3-32 

dependent actin remodeling. 33 

 34 

Author Summary 35 

Alphaviruses, such as Chikungunya or Venezuelan equine encephalitis viruses, are significant 36 

human pathogens that cause arthritis or fatal encephalitis in humans. For productive infection of 37 

cells, alphaviruses rely on a repertoire of cellular host proteins, including trafficking factors that 38 

mediate transport of viral components across the cell. We have performed a functional screen to 39 

identify cellular factors that are crucial for this transport process. We show that Rac1, PIP5K1-40 

alpha, and the Arp2/3 complex are cellular regulators of alphavirus infection. These factors are 41 

important for major cellular actin rearrangements that occur at a late stage of virus infection and 42 

are virus-induced. Concomitantly, these factors might be essential for trafficking of the viral E2 43 
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surface glycoprotein from the trans-Golgi network (TGN) to the cell surface. E2 was found to 44 

associate with actin, as well as to co-localize with Rac1, PIP5K1-α, and actin filaments. Late E2-45 

containing vesicles, termed cytopathic vacuoles II (CPV-II), were also imaged along and at the 46 

end of actin filaments in alphavirus-infected cells. 47 

 48 

Keywords: alphavirus; actin; Arp3; chikungunya; CHIKV; EEEV; eastern equine encephalitis; 49 

PIP5K1; Rac1; Venezuelan equine encephalitis; VEEV; WEEV; eastern equine encephalitis 50 

 51 

Introduction 52 

Viral infection requires extensive subcellular trafficking, including cell entry, delivery of the 53 

genome to replication sites, and transport of viral proteins to and assembly of viral particles at 54 

the plasma membrane for egress. To this end, viruses make use of different cellular cues and 55 

signals to hijack existing endocytic and secretory pathways, cellular motor proteins, and 56 

cytoskeletal filaments.  57 

 Here we examine cellular trafficking machineries utilized by alphaviruses. Alphaviruses 58 

(family Togaviridae) are single-stranded, positive-sense RNA viruses that produce enveloped 59 

virions. Chikungunya virus (CHIKV), eastern equine encephalitis virus (EEEV), Venezuelan 60 

equine encephalitis virus (VEEV), and western equine encephalitis virus (WEEV) are the most 61 

medically important human alphaviruses that cause debilitating arthritides (CHIKV) or 62 

encephalitides (EEEV, VEEV, and WEEV) [1-3]. For instance, since December 2013, spread of 63 

CHIKV in the Caribbean has caused tens of thousands of human infections [4]. 64 

 The alphavirus genome consists of two open reading frames encoding nonstructural and 65 

structural polyproteins. Four nonstructural proteins (nsP1-4) are required for transcription and 66 
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replication of viral RNA, and three main structural proteins (i.e., capsid protein C, envelope 67 

glycoproteins E2 and E1) are the main constituents of virions. Alphavirus replication occurs 68 

initially at the plasma membrane [5,6]. Replication complexes are subsequently internalized via 69 

an endocytic process that requires a functional actin-myosin network. Following endocytosis, 70 

replication complex-containing vesicles migrate via a microtubule-dependent mechanism to the 71 

perinuclear area where they form stable, large and acidic compartments termed cytopathic 72 

vacuoles (CPV)-I. CPV-I structures are derived from modified endosomes and lysosomes and 73 

are associated with the alphaviral nonstructural proteins as well as viral RNA [7-9]. In the late 74 

stage of alphavirus infection, trans Golgi network (TGN)-derived vacuoles marked with the 75 

E1/E2 glycoproteins become predominant [10,11]. In these membrane vacuoles (termed CPV-76 

II), the viral glycoproteins are arranged in a tubular structure. CPV-II vacuoles have been 77 

implicated in intracellular transport of alphavirus glycoproteins from the TGN to the site of 78 

budding on the plasma membrane prior to virus egress [8,12]. 79 

 siRNA screens have identified a number of host factors that possibly promote or restrict 80 

nonpathogenic alphavirus infection [13-15]. However, detailed mechanistic studies regarding the 81 

role of host factors in alphavirus trafficking have not been performed. In this study, we used an 82 

RNAi-based screen to identify and validate trafficking host factors that are required for infection 83 

by the pathogenic VEEV and other pathogenic alphavirus relatives. Mutagenesis-, chemical 84 

inhibitor- and imaging-based approaches were further used to validate and decipher the role of 85 

these factors in alphavirus infection.  86 

Results 87 

High-content RNAi Screen Identifies Host Trafficking Regulators of Alphavirus Infection 88 

Small interfering RNA (siRNA) pools targeting each of 140 human trafficking genes were 89 
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transfected into HeLa cells. A non-targeting siRNA was used as a control. Cells were 90 

subsequently infected with VEEV (chosen as a prototype alphavirus for the screen) for 20 h and 91 

then fixed and stained with a VEEV E2-specific antibody (Fig 1A). Staining was performed 92 

without permeabilization to detect only E2 present on the cell surface. Cell number and infection 93 

rate were determined using quantitative high-content image-based analysis (see Materials and 94 

Methods). The infection rate of control siRNA-transfected cells was optimized to yield, on 95 

average, 70-80%. Analysis of the results revealed that siRNAs against 51 host trafficking factors 96 

decreased VEEV infection rate by >30% (Z-score <-2) (S1 Table).  97 

 98 

Fig 1. siRNA Screen Identifies Host regulators of alphavirus infection. 99 

(A) Schematic representation of the siRNA screen and the high-content quantitative image-based 100 

analysis of relative VEEV infection rates. HeLa cells were transfected with siRNAs against 140 101 

host trafficking factors and inoculated with VEEV (MOI=0.5) for 20 h. Cells were fixed and 102 

immunostained for cell surface VEEV envelope glycoprotein (E2) expression. Infection rates 103 

were determined using an Opera confocal imager and normalized to infection rates observed 104 

using non-targeting control siRNA. Representative images of cells treated with control (Cont) or 105 

Rac1 siRNA are shown. VEEV E2 staining is shown in green and nucleus staining is shown in 106 

blue. (B) High-content quantitative image-based analysis was used to measure relative infection 107 

rates (normalized to control siRNA-treated cells) of VEEV (top panel) in HeLa cells pretreated 108 

with the indicated siRNAs. Cells were infected for 20 h (VEEV, MOI=0.5), fixed and stained 109 

with antibodies against E2. Values represent the mean ± SD, n = 3. Protein levels of Rac1, Arp3,  110 

and actin (loading control) following siRNA treatments were determined by immunoblotting 111 

(bottom panel). mRNA levels of PIP5K1-α (PIP5K1A) following siRNA treatments were 112 
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determined by qRT-PCR. (C) VEEV titer following treatment of HeLa cells with siRNAs against 113 

Rac1, Arp3, PIP5K1A (PIP5k1α), or control siRNA. Cells were inoculated with VEEV as in (B) 114 

and virus-containing media was analyzed by plaque assay. **, p < 0.01, Student's t test (between 115 

the sample and control siRNA).  116 

 117 

 To confirm results of the primary screen and to rule out potential off-target effects of 118 

individual siRNAs, we performed a secondary screen of deconvoluted siRNA pools. A hit was 119 

considered validated if at least 2 siRNAs from the set of 4 individual siRNAs targeting the gene 120 

product reduced the VEEV infection rate by ≥30% and had a p-value of <0.05 versus control 121 

siRNA-transfected wells. Wells that had low cell numbers (final cell number <70% of the 122 

control siRNA-transfected well) due to combined effects of siRNA toxicity and VEEV 123 

cytopathic effects were excluded from further analyses. Analysis of the results led to validation 124 

of 19 (61%) out of the 31 primary hits (S2 Table).  125 

 Importantly, the list of validated hits was enriched for crucial regulators of the actin 126 

cytoskeleton. In particular, knockdown of four subunits of the heptameric Arp2/3 complex, 127 

ARPC4, ARPC5, ARPC1B (S2 Table), and ACTR3 (Arp3) (Fig 1B), significantly inhibited 128 

VEEV infection. In addition, Rac1, and PIP5K1-α (PIP5K1A) were also identified as hits (Fig 129 

1B). The Arp2/3 complex plays a central role in actin dynamics by controlling filament 130 

nucleation [16,17]. Rac1 is a member of the Rho GTPase family and among its many functions 131 

modulates actin cytoskeleton organization [18]. PIP5K1-α is a lipid kinase involved in the 132 

synthesis of the signaling molecule phosphatidylinositol-4,5-bisphosphate (PI4,5P2), which is a 133 

central regulator of the actin cytoskeleton in response to multiple signals [19].  134 

 Our siRNA results were further confirmed using single siRNAs against Rac1, Arp3, and 135 
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PIP5K1-α from another source (Fig 1B, siRNAs 5–7). We also observed a ≈10 to >30 fold 136 

reduction in VEEV titer following knockdown of these host factors (Fig 1C).  Finally, siRNA-137 

mediated knockdown of Rac1, Arp3, or PIP5K1-α inhibited infection of CHIKV (S1A and B 138 

Fig). These results indicate that Rac1, Arp3, and PIP5K1-α play an important role in alphavirus 139 

infections. 140 

Rac1 and Arp3 Inhibitors Reduce Alphavirus Infection Rates 141 

To validate the role of Rac1 and Arp3 in VEEV infection, we tested whether the Rac1 inhibitors 142 

EHT1864 and NSC23766 [20,21] and the Arp3 inhibitors CK548 and CK869 [22] could block 143 

VEEV infection. Upon treatment of HeLa cells with either of these inhibitors, VEEV infection 144 

rates were reduced in a dose-dependent manner (Fig 2A and B). Similar results were observed 145 

when the Rac1 inhibitors EHT1864 or NSC23766 or the Arp3 inhibitor CK548, were tested in 146 

primary human astrocytes (Fig 2C and D). These inhibitors were also effective in reducing 147 

infection rates of other alphaviruses. EHT1864 inhibited infections by CHIKV and the closely 148 

related Sindbis virus (SINV), and CK548 decreased CHIKV, SINV, EEEV, and WEEV infection 149 

rates (S2A and B Fig). None of the treatment conditions in either assays resulted in cytotoxicity. 150 

Overall, our results further confirm the importance of host factors Rac1 and Arp3 in alphavirus 151 

infection. 152 

 153 

Fig 2. Rac1, Arp3 and formation of a Rac1:PIP5K1-α complex are important for VEEV 154 

infection.  155 

(A) High-content quantitative image-based analysis of relative VEEV infection rates in HeLa 156 

cells pretreated with increasing concentrations of two Rac1 inhibitors (EHT1864 or NSC23766), 157 

two Arp3 inhibitors (CK548 or CK869), or DMSO. Cells were inoculated with compounds 1 h 158 
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prior to VEEV addition. Cells were fixed and stained with virus-specific antibodies 20 h later. 159 

Results are normalized to DMSO-treated samples. (B) Representative confocal images of (A). 160 

VEEV E2 staining is shown in green and nucleus/cytoplasm staining is shown in red. (C) 161 

Primary human astrocytes were treated with increasing concentrations of EHT1864, NSC23766, 162 

or CK548, and subsequently inoculated with VEEV (MOI=0.005). Cells were fixed 19 h later 163 

and stained and analyzed as in (A). (D) Representative confocal images of (C). VEEV E2 164 

staining is shown in green and nucleus staining is shown in blue. (E) Flp-In T-REx 293 cells 165 

with tetracycline-inducible expression of wild-type Rac1, constitutively active Rac1 (G12V) or 166 

dominant-negative Rac1 (T17N) were generated, and analyzed for protein expression by 167 

immunoblotting (actin was used as a loading control). (F) High-content quantitative image-based 168 

analysis of VEEV or RVFV infection rates in Flp-In T-REx 293 cells pre-induced to express 169 

chloramphenicol acetyltransferase (CAT), wild-type Rac1, or variants thereof. Cells were fixed 170 

18 h (VEEV) or 24 h (RVFV) after virus inoculation and stained with virus-specific antibodies. 171 

(G) Immunoblot of tetracycline-induced expression of wild-type Rac1, or Rac1 K186E in Flp-In 172 

T Rex 293 cells as in (E). (H) High-content quantitative image-based analysis of VEEV or 173 

RVFV infection rates in Flp-In T-REx 293 cells pre-induced to express CAT, wild-type Rac1, or 174 

Rac1 K186E. Cells were infected and stained as in (F).  175 

 176 

Rac1 GTPase Function and Rac1:PIP5K1-α Complex Formation are Important for 177 

Alphavirus Infection 178 

To determine if the function of Rac1 in alphavirus infection required Rac1’s GTPase activity, we 179 

established tetracycline-inducible 293 Flp-In T-REx cell lines that express chloramphenicol 180 

acetyltransferase (CAT, used as a control), wild-type Rac1, constitutively active Rac1 (G12V), 181 
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or dominant-negative Rac1 (T17N) (Fig 2E) [23,24]. Rac1 expression in these cells was induced 182 

with tetracycline for 24 h, followed by infection with VEEV, or a non-alphavirus control (Rift 183 

Valley fever virus; RVFV strain ZH501, hereafter, RVFV) . Expression of both Rac1 mutant 184 

variants (G12V, T17N) reduced VEEV but not RVFV infection rates, whereas expression of 185 

wild-type Rac1 had no effect (Fig 2F, S2C Fig). Both Rac1 mutants also reduced VEEV titer in 186 

the media (Fig S2D). We also confirmed the importance of Rac1 GTPase activity during WEEV 187 

and CHIKV infection (S2F-G Fig). The inhibitory effects of both Rac1 mutant variants on 188 

alphavirus infection likely indicate that the role of Rac1 during infection requires completion of 189 

the GTP-GDP-exchange/GTP-hydrolysis cycle. Cycling between GTP- and GDP-bound states 190 

may be required for productive infection, and shifting the level of activity predominantly to 191 

either side may block signaling pathways that emanate from the turnover. 192 

Rac1 also forms a complex with PIP5K1 kinases that are necessary for stimulation of 193 

PI4,5P2 synthesis and actin assembly [25]. PIP5K1-α directly binds Rac1 via the polybasic tail of 194 

Rac1. Specific mutations within this region, such as K186E, abrogate Rac1:PIP5K1-α binding in 195 

vitro [26]. To examine whether Rac1:PIP5K1-α complex formation is important for VEEV 196 

infection, we used the tetracycline-inducible 293 Flp-In T-REx cell line to expresses Rac1 197 

variant K186E (Fig 2G). Once induced, these cells and control cells expressing CAT or wild-198 

type Rac1 were infected with VEEV or RVFV. Expression of Rac1 K186E reduced VEEV but 199 

not RVFV infection rates (Fig 2H, S2E Fig). VEEV titer in the media was also reduced (Fig 200 

S2D). Finally, we confirmed the importance of Rac1:PIP5K1-α complex formation to infection 201 

with CHIKV (S2H-I Fig). These results suggest that binding of Rac1 to PIP5K1-α plays a role in 202 

alphavirus infections. 203 

Rac1 and Arp3 Do Not Affect Alphavirus Cell Entry or Replication but Later Stages of 204 
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Infection prior to Virus Budding 205 

We used a multi-cycle VEEV in our screen. Consequently, Rac 1 and Arp3 could have acted at a 206 

number of stages of the VEEV lifecycle. To determine when Rac1 and Arp3 act, we first 207 

determined the time necessary for a single lifecycle (round) of VEEV TC-83 (live-attenuated 208 

vaccine strain) infection. To this end we measured virus particle release from HeLa cells to the 209 

media at different time points post virus inoculation using qRT-PCR analysis. Expression 210 

kinetics of the late alphaviral gene product, E2, was also analyzed. Virus particle release into the 211 

media was observed at 9 h post inoculation of HeLa cells (Fig 3A), suggesting an approximately 212 

9-h replication cycle for VEEV under these conditions. E2 expression was detected as early as 7 213 

h post virus inoculation (Fig 3B). Experiments performed with virulent VEEV IC-SH3 yielded 214 

similar results on expression of E2 and C proteins at these time points (Fig 3C). We confirmed 215 

our results with a one step-like growth curve analysis using a high MOI (MOI=10) and also 216 

measured intracellular viral RNA (vRNA) levels as a function of time. Significant increase in 217 

intracellular vRNA levels was found at 5 h post virus inoculation, suggesting that virus 218 

replication/transcription is initiated prior to this time point (Fig 3D).  219 

 220 

Fig 3. Rac1 and Arp3 act at a late stage of alphavirus infection.  221 

(A and B) Time course of VEEV TC-83 (MOI=2) infection in HeLa cells. (A) Media containing 222 

extracellular virions were harvested at the indicated time points for qRT-PCR analysis of virus 223 

copy number, and (B) cells were fixed, stained with VEEV E2-specific antibody and analyzed 224 

with an Opera confocal reader by high-content quantitative image-based analysis. (C) 225 

Representative confocal images of E2 or C expression in VEEV-infected (MOI=0.5) HeLa cells 226 

7 h or 9 h following virus inoculation. Cells were stained with E2- or C-specific antibodies 227 
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(green) and counterstained with dye to show the nuclei (blue). (D) Viral copy number 228 

(intracellular vRNA) in HeLa cells at the indicated time points following VEEV TC-83 229 

(MOI=10) inoculation was determined by qRT-PCR. (E) High-content quantitative image-based 230 

analysis of relative VEEV infection rates in time-of-addition experiments. VEEV-infected HeLa 231 

cells (MOI=0.5) were treated with increasing concentrations of the inhibitors at the indicated 232 

time points prior to (-1 h) or after (+1–7 h) virus addition. Cells were fixed 20 h after addition of 233 

virus, stained and analyzed as in (B). Results are normalized to DMSO-treated samples. Values 234 

represent the mean ± SD, n = 3. *, p < 0.05; **, p < 0.01; ***, p < 0.001; n.s., not significant, 235 

Student's t test (between the sample and DMSO-treated cells). (F) HeLa cells were transfected 236 

with siRNAs targeting Rac1, Arp3, or control siRNA. Two days later, cells were transduced with 237 

eGFP-expressing MoMLV pseudotyped with the envelope proteins of VEEV (E1/E2) or EBOV 238 

(GP1,2). eGFP-expressing cells were measured as in (B). Transduction rates were normalized to 239 

control siRNA-treated cells. *, p < 0.05; **, p < 0.01, Student's t test (between the sample and 240 

control siRNA) (G) Aliquots of the cells treated in (E) were lysed and analyzed for E2 241 

expression by immunoblotting (GAPDH was used as a loading control). Densitometric analysis 242 

of western blots was performed with ImageJ. (H-I) VEEV copy number (intracellular vRNA) in 243 

HeLa cells following treatment with inhibitors or siRNAs as determined by qRT-PCR. (H) HeLa 244 

cells were inoculated with VEEV TC83 (MOI=2) and 5 h later treated with the indicated 245 

inhibitors. Cells were lysed and analyzed for virus copy number 11 h after virus addition. (I) 246 

HeLa cells were treated with the indicated siRNAs and 48 h later inoculated with VEEV TC83 247 

(MOI=2). Cells were lysed and analyzed as in (H). 248 

 249 

 To narrow down the lifecycle stage targeted by Rac1 and Arp3, we performed time-of-250 
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addition experiments using inhibitors of these host factors. This time-based approach determines 251 

how long the addition of a compound can be postponed before losing its antiviral activity in cell 252 

culture. For example, if an inhibitor that targets viral fusion is present at the time when virus 253 

entry and fusion occurs within the viral lifecycle, it will be able to inhibit productive infection. In 254 

contrast, if this inhibitor is added after the entry/fusion process is completed, the inhibitor will no 255 

longer be effective in blocking infection.  256 

 As a positive control for infection inhibition, HeLa cells were pretreated with increasing 257 

concentrations of Rac1 or Arp3 inhibitors 1 h before addition of virus. Alternatively, inhibitors 258 

were added to the cells at different time points after virus inoculation (1, 3, 5, or 7 h, Fig 3E) but 259 

prior to virus release (9 h post inoculation). When the Rac1 inhibitor EHT1864 or the Arp3 260 

inhibitor CK548 were added 1, 3, or 5 h after VEEV exposure, VEEV infection rates were 261 

reduced to that detected with the positive control condition (pretreatment). However, addition of 262 

inhibitors 7 h after virus inoculation had significantly less effect on infection, suggesting that the 263 

inhibitors lose their antiviral activity at this time. Similar results were obtained with VEEV TC-264 

83 in the context of a single replication cycle (S3A and S3B Fig); both EHT1864 and CK548 265 

inhibitors reduced VEEV TC-83 infection when they were added up to 7 h post inoculation. 266 

Furthermore, when the inhibitors were added to HeLa cells 5 h following VEEV inoculation, 267 

VEEV titer in the media was significantly reduced (approximately 80 to >7,000 fold reduction, 268 

S3C Fig). Since the inhibitors exhibited antiviral activity when they were added 5 h post virus 269 

inoculation but significantly lost their antiviral affect when they were added 7 h post virus 270 

inoculation, these results indicate that Rac1 and Arp3 most likely play a role in the VEEV life 271 

cycle sometime between 5 h and 7 h post virus inoculation. Since one lifecycle of the virus takes 272 

at least 9 h to complete, and since transcription/replication is initiated prior to 5 h post virus 273 
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inoculation, these results indicate that these inhibitors act at a late stage of virus infection. 274 

 To further confirm that Rac1 and Arp3 do not act at earlier stages (entry and replication), 275 

we first utilized a VEEV cell entry surrogate system composed of retroviral pseudotypes 276 

(Moloney murine leukemia virus, MoMLV) encoding eGFP and carrying the viral envelope 277 

proteins [27,28]. HeLa cells pretreated with control siRNA or with siRNAs targeting Rac1 or 278 

Arp3 were transduced with MoMLV-VEEV or MoMLV-EBOV (non-alphavirus control). As 279 

previously reported, MoMLV-EBOV entry into HeLa cells was reduced following knockdown of 280 

Rac1 or Arp3 [29,30] (Fig 5F). However, Rac1 or Arp3 knockdown had no or minimal effect on 281 

MoMLV-VEEV transduction rates, indicating that envelope-mediated entry of VEEV is 282 

independent of these two proteins.  283 

 Next, we examined the effect of the various inhibitors on total E2 protein levels in the 284 

context of virus infection. None of the inhibitors had an effect on E2 protein levels as determined 285 

by western blot analysis (Fig 3H).  286 

 Finally, we tested the effect of Rac1 and Arp3 on alphavirus replication in infected cells by 287 

treating cells with siRNAs as described above or with inhibitors against Rac1 or Arp3. 288 

Intracellular vRNA levels were determined by qRT-PCR. The siRNAs as well as the inhibitors 289 

had no significant effect on intracellular vRNA levels (Fig 3H-I). Similar results were obtained 290 

when the inhibitors were tested for their effect on CHIKV replication using a previously 291 

published replicon system (Fig S3D [31]). 292 

 Overall, these results indicate that Rac1 and Arp3 function after virus entry and replication, 293 

but prior to budding and release. 294 

Actin Plays a Dual Role in Alphavirus Infection  295 

As mentioned above, Rac1, Arp3, and PIP5K1A all affect cellular actin dynamics [16-19]. 296 
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Previous studies have demonstrated a role for actin in alphavirus infection [32,33]. For example, 297 

in the early stages of infection of another alphavirus, Semliki Forest virus, replication complexes 298 

are internalized via an endocytic process that requires a functional actin-myosin network [7]. 299 

However, our time-of-addition experiments suggest that Rac1 and Arp3 play a role later in 300 

infection. We therefore investigated whether actin dynamics might play an additional role at later 301 

stages of infection. 302 

 To this end, we performed time-of-addition experiments (similar to the ones described 303 

above) with actin polymerization inhibitors. Cells were either pretreated with increasing 304 

concentrations of inhibitors before addition of virus (positive control) or preincubated with virus 305 

and subsequently treated with inhibitors at different time points after infection (Fig 4A-B). 306 

Compared to the positive control condition (pretreatment), the actin polymerization inhibitors, 307 

latrunculin A and cytochalasin D, were less effective in inhibiting VEEV infection when they 308 

were added 1 h after virus inoculation (Fig 4A-B). This loss of antiviral activity is possibly due 309 

to the previously described role of actin in internalization of alphavirus replication complexes 310 

[7]. Inhibition of VEEV infection rates remained similar if actin polymerization inhibitors were 311 

added up to 5 h after virus inoculation. However, additional loss of antiviral activity was 312 

observed when the inhibitors were added at 7 h post virus inoculation. These results suggest that 313 

actin polymerization inhibitors target two separate steps in VEEV’s life cycle, one early in 314 

infection and one late in infection. 315 

 316 

Fig 4. Actin polymerization plays a role at a late stage of alphavirus infection.  317 

(A and B) High-content quantitative image-based analysis of relative VEEV and VEEV TC-83 318 

infection rates in time-of-addition experiments. (A) VEEV-infected HeLa cells (MOI=0.5) were 319 
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treated with increasing concentrations of latrunculin A at the indicated time points prior to (-1 h) 320 

or after (+1–7 h) virus addition. Cells were fixed 20 h after addition of virus and stained for high-321 

content quantitative image-based analysis with virus-specific antibodies. (B) VEEV TC-83 322 

(MOI=1)-infected HeLa cells were treated with cytochalasin D as in (A). Cells were fixed 12 h 323 

after addition of virus, stained, and analyzed as in (A). (C) HeLa cells were infected with VEEV 324 

(MOI=0.5) for 3 h and then treated with increasing concentrations of cytochalasin B, 325 

cytochalasin D, latrunculin A, or nocodazole. Cells were fixed in formalin 17 h later, stained, and 326 

analyzed as in (A). (A-C) Results are normalized to DMSO-treated samples. (D) HeLa cells were 327 

infected as in (C) for 3 h and then treated with increasing concentrations of cytochalasin D, or 328 

latrunculin A. After 17 h, virus titer in the supernatants was determined by plaque assay. Values 329 

represent the mean ± SD, n = 2. (E) Primary human astrocytes were infected with VEEV TC-83 330 

(MOI=0.005) for 5 h and then treated with increasing concentrations of inhibitors. After 6 h, 331 

virus titer in the supernatants was determined by plaque assay. (F) Aliquots of the cells treated in 332 

(A) were lysed and analyzed for E2 expression by immunoblotting (GAPDH was used as a 333 

loading control). Densitometric analysis of western blots was performed with ImageJ. (G) VEEV 334 

copy number (intracellular vRNA) in HeLa cells following treatment with inhibitors as 335 

determined by qRT-PCR. HeLa cells were inoculated with VEEV TC-83 (MOI=2) and 5 h later 336 

treated with the indicated inhibitors. Cells were lysed and analyzed for virus copy number 11 h 337 

after virus addition. (A-C, E, G) Values represent the mean ± SD, n = 3. *, p < 0.05; **, p < 0.01; 338 

***, p < 0.001; n.s., not significant, Student's t test (between the sample and DMSO-treated cells). 339 

 340 

 To further validate our results that actin might play a role in the later stages of the 341 

alphavirus lifecycle, we tested the effect of various doses of actin polymerization inhibitors 342 
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(latrunculin A, cytochalasin B and D) or a microtubule-depolymerizing agent (nocodazole) on 343 

VEEV infection rate when added at various time points post virus inoculation. HeLa cells and 344 

primary human astrocytes were inoculated with VEEV first and inhibitors were added 3 (HeLa) 345 

or 5 (astrocytes) h later. Disruption of actin dynamics by the actin polymerization inhibitors 346 

reduced VEEV infection rates and VEEV titer in a dose-dependent manner without cytotoxicity 347 

(Fig 4C-E). Although some nocodazole-mediated inhibition of viral infection was observed, 348 

inhibition was not as significant as that observed with actin polymerization inhibitors and was 349 

accompanied by increased cytotoxicity (Fig 4C and S4A Fig). Phalloidin and tubulin staining 350 

demonstrated that the actin and microtubule cytoskeleton morphology was indeed disrupted upon 351 

treatment with these inhibitors (S4B-C Fig). These results further imply that actin polymerization 352 

might have an essential role in later stages of VEEV infection. 353 

 To determine if the actin polymerization inhibitors (latrunculin A and cytochalasin D) 354 

might block viral replication or E2 expression at later stages of infection, we inoculated cells 355 

with VEEV TC83 and 5 h later treated them with the inhibitors. Intracellular vRNA levels were 356 

determined by qRT-PCR 11 h after virus inoculation. Alternatively, cells were lysed and 357 

analyzed for E2 expression by immunoblotting. Figure 4F-G shows that both inhibitors had no 358 

significant effect on vRNA levels as well as E2 expression levels. Finally, no effect on virus 359 

replication was observed when the inhibitors were tested for their effect on a CHIKV replicon 360 

system (Fig S4D [31]). Together, the data suggests that the role of actin in the later stages of 361 

infection does not involve viral replication or late gene expression. 362 

Alphavirus Infections Cause Major Intracellular Actin Rearrangements Late in Infection 363 

 To assess the possible role of actin in the later stages of alphavirus infection, we assessed 364 

temporal changes of actin rearrangements during the course of viral infection. HeLa cells were 365 
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infected with VEEV, CHIKV, or RVFV (used as a control) and co-stained at the indicated time 366 

points with antibodies against viral proteins and phalloidin. Confocal microscopy revealed major 367 

changes in the actin-staining pattern within alphavirus-infected cells (VEEV, CHIKV), as 368 

indicated by the accumulation of actin in large structures in the cytoplasm (i.e., actin foci, 369 

indicated by asterisks in Fig 5A). These foci co-localized with the alphavirus envelope protein 370 

E2 (Fig 5A). In contrast, such actin rearrangements were not observed in RVFV- or mock-371 

infected cells (Fig 5A).  372 

 373 

Fig 5. Alphavirus infection causes actin rearrangements into actin foci that are Rac1- and 374 

Arp3-dependent and that co-localize with Rac1, PIP5K1-α, and E2. 375 

 (A) Representative confocal images of mock-, VEEV-, CHIKV-, or RVFV-infected HeLa cells 376 

(MOIs = 0.5, 5, or 3, respectively). Cells were fixed and stained with virus-specific antibodies 377 

(VEEV and CHIKV E2, RVFV NP; shown in green) and phalloidin (red) 18 h (VEEV) or 24 h 378 

(CHIKV, RVFV) after infection. Nucleus staining is shown in blue. Representative actin foci are 379 

indicated by asterisks. (B) High-content quantitative image-based analysis was used to measure 380 

infection rates of VEEV, CHIKV, and RVFV (left panel), and the number of actin foci per cell 381 

(number of actin foci/total cell number, right panel). Analysis is based on single Z sections. ***, 382 

p  < 0.0001, Student's t test (between the sample and mock). (C) VEEV-infected HeLa cells 383 

(MOI=0.5) were fixed in formalin at the indicated time points, stained and analyzed as in (B). 384 

(B–C) Values represent the mean ± SD, n ≥12. (D) Representative confocal images of VEEV-385 

infected HeLa cells (MOI=0.5) pretreated with the Rac1 inhibitor EHT1864 or Arp3 inhibitor 386 

CK548. Cells were fixed 18 h after virus addition and stained with VEEV E2-specific antibody 387 

(green), phalloidin (red), and a nuclear stain (blue). (E) High-content quantitative image-based 388 
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analysis was used to measure infection rates of VEEV and the number of actin foci per cell. (F) 389 

Confocal images of VEEV-infected HeLa cells (MOI=5). Co-localization of HA-tagged PIP5K1-390 

α (top panel) or Rac1 (bottom panel) (blue), actin (red), and VEEV E2 (green), at a single z 391 

section is shown, as well as single channel intensities measured along lines crossing different 392 

actin clusters. Insets: zoom on actin filaments indicated by white arrows. VEEV was added to 393 

HeLa cells that were reverse-transfected with a plasmid encoding HA-tagged PIP5K1-α or 394 

tetracycline-induced T-Rex HeLa cells that expressed Rac1 fused to eGFP. Cells were fixed 20 h 395 

later, permeabilized, and stained with VEEV E2-specific antibody, phalloidin, and an antibody 396 

against HA. 397 

 398 

 Actin foci (measured as the number of foci per cell) were further quantified in mock-, 399 

VEEV-, CHIKV-, and RVFV-infected cells (Fig 5B). These foci were detected as early as 7 h 400 

after VEEV inoculation (Fig 5C) and could also be detected upon infection with other 401 

alphaviruses (EEEV, WEEV, and SINV, S5A Fig). We also tested whether alphavirus nsP1, 402 

which was previously shown to mediate disruption of actin stress fibers and induction of 403 

filopodia-like extensions [34], could induce generation of actin foci. Expression of VEEV TC83 404 

nsP1 in HeLa cells did induce filopodia-like extensions. However, no actin foci were observed 405 

(S5B Fig). Overall, our results demonstrate that, as early as 7 h post inoculation with 406 

alphaviruses, infection causes major cellular actin rearrangements leading to the formation of 407 

actin foci that are not nsP1-dependent and that co-localize with the alphavirus envelope protein 408 

E2. 409 

Rac1 and Arp3 Inhibitors Reduce Actin Focus Formation in Alphavirus-infected Cells 410 

Because our data suggested that the function of Rac1 and Arp3, and the formation of actin foci, 411 
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take place late in infection (Figure 3 and 5), we speculated that Rac1 and Arp3 proteins might 412 

play a role in this alphavirus-induced actin remodeling. To test this hypothesis, HeLa cells were 413 

treated with increasing concentrations of Rac1 or Arp3 inhibitors, infected with VEEV, and 414 

subsequently stained with fluorescent phalloidin and antibodies against E2. Treatment with either 415 

the Rac1 (EHT1864) or Arp3 (CK548) inhibitor significantly reduced the number of actin foci 416 

and the percentage of infected cells in a dose-dependent manner (Fig 5D-E). In fact, under these 417 

conditions actin foci were rarely observed in confocal images even in E2-positive cells. These 418 

observations clarify that Rac1 and Arp3 function upstream of the major actin rearrangements 419 

detected in VEEV-infected cells. 420 

Rac1 and PIP5K1-α Co-localize with E2 on Actin Foci and Actin Filaments 421 

Since Rac1-PIP5K1-α complex formation plays a role in alphavirus infection (Fig 2) and because 422 

Rac1 inhibitor reduced actin foci formation in alphavirus-infected cells (Fig 5), we next 423 

examined whether both host factors could be observed on actin foci and/or filaments within 424 

alphavirus-infected cells. Basal-to-apical confocal section series of VEEV-infected HeLa cells 425 

are shown in Fig 5F. PIP5K1-α and Rac1 show increased co-localization with actin foci and E2 426 

towards the apical area (S5C-D Fig). Both host factors are also detected along actin filaments, 427 

where they co-localize with E2 (Fig 5F, inserts).  428 

Organization and Morphology of Actin Foci and their Co-Localization with the E2 429 

Glycoprotein  430 

To better characterize the nature of the observed actin foci within infected cells, we performed 431 

sequential scanning of cells stained for actin and alphavirus E2 in both stimulated emission 432 

depletion (STED) microscopy and confocal microscopy imaging modes (for comparison, see 433 

S6A Fig). With improved resolution of STED microscopy, actin foci within infected cells were 434 
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found to be clusters of filamentous actin with a diameter range of 5-11 μm (Fig 6A). Actin 435 

filaments within the clusters are seen with VEEV E2 puncta at their ends or along them (Fig 6A). 436 

On the cell periphery, E2 puncta are localized in proximity to actin filaments (Fig 6A). E2 puncta 437 

are also observed at the ends of actin filaments in primary human astrocytes, and in CHIKV-438 

infected HeLa cells (Fig 6B). 439 

 440 

Fig 6. Alphavirus E2 co-localizes with actin filaments and associates with actin. 441 

(A-B) Representative STED images of HeLa cells or primary human astrocytes infected with 442 

VEEV or with CHIKV (MOI=5). Cells were fixed, permeabilized, and stained with E2-specific 443 

antibodies (green) and phalloidin (red). Scale bar: 10 μm. (C) Electron-microscopic images of 444 

VEEV-infected HeLa cells (MOI=5). CPV-II structures and thin filaments, which probably 445 

correspond to actin, are indicated by filled and open arrows, respectively. An asterisk indicates 446 

CPV-I structures. (D) Western blot analysis of input lysates and immunoprecipitates (IP) of 447 

mock-, VEEV-, or RVFV-infected HeLa cells under different lysis conditions. Cells were 448 

infected for 8 h (MOI=1), lysed, and VEEV E2-, RVFV Gn-, or actin-binding proteins were 449 

immunoprecipitated using specific antibodies and immunoblotted with antibodies against VEEV 450 

E2, RVFV Gn, or actin. (*) indicates a non-specific band. 451 

 452 

 In a series of basal- (Section 7) to-apical (Section 25) confocal sections, a single VEEV-453 

infected cell can be seen with an actin cluster (S6B Fig). E2 co-localizes with the actin cluster, 454 

and cytoplasm/nucleus staining demonstrates that the generated actin cluster is localized within 455 

the cell (S6C Fig). In contrast, co-localization of E2 and microtubules was not significant (S6B 456 

Fig).  457 
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 We also performed electron=microscopic studies to examine the localization of 458 

cytoskeletal elements relative to alphaviral CPV-II structures, which compartmentalize the viral 459 

glycoproteins E1 and E2 and serve as transport vehicles for the glycoproteins from the TGN to 460 

the viral budding sites on the plasma membrane. Electron-microscopic studies of VEEV-infected 461 

cells (Fig 6C) show CPV-II structures alongside or at the end of thin filaments, which, based on 462 

size and morphology, most likely correspond to actin filaments [12]. CPV-I replication 463 

compartments are also present within these cells (Fig 6C, bottom right panel) [9].  464 

Alphavirus E2 Glycoprotein Associates with Actin  465 

Because alphavirus E2 co-localized with actin filaments in infected cells, we next tested whether 466 

VEEV E2 associates with actin. HeLa cells were infected with VEEV or RVFV (control) or left 467 

uninfected (mock). Virus envelope protein-binding factors were subsequently 468 

immunoprecipitated from cell lysates with antibodies to surface glycoproteins E2 (VEEV), or Gn 469 

(RVFV). Western blot analysis of the immunoprecipitated fraction (IP) showed enrichment of 470 

actin in E2 immunoprecipitates from VEEV-infected cells relative to mock-infected control 471 

(more than 4-fold increase by densitometry analysis, Fig 6D, left panel). Such an increase in 472 

immunoprecipitated actin was not observed or was minimal in Gn immunoprecipitates from 473 

RVFV-infected cells (1.5=fold or less increase by densitometry analysis, Fig 6D, middle panel). 474 

To confirm the E2-actin association, we repeated these immunoprecipitation assays using more 475 

stringent lysis and washing conditions and performed the reverse experiment using an antibody 476 

against actin to examine its ability to immunoprecipitate E2 from VEEV-infected cells. Our 477 

results show that antibodies against E2 immunoprecipitated actin (more than 8=fold increase by 478 

densitometry analysis) and antibodies against actin immunoprecipitated E2 (more than 4=fold 479 

increase by densitometry analysis) from VEEV-infected, but not from mock-infected cells (Fig 480 
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6D right panel). These results indicate that VEEV E2 either directly or indirectly associates with 481 

actin in lysates from infected cells. However, since our lysis buffer included detergent (NP-40), 482 

the observed association between E2 and actin was most likely not in the context of CPV-II 483 

structures.  484 

Actin, Rac1, and Arp3 Inhibitors Interfere with Alphavirus E2 Trafficking from TGN to 485 

the Cell Surface 486 

E2 was mainly localized in perinuclear puncta in cells treated with the Rac1 and Arp3 inhibitors, 487 

whereas in DMSO-treated cells E2 was found throughout the cytoplasm and at the plasma 488 

membrane (Fig 5D). Previous studies have demonstrated that the alphavirus glycoproteins E1/E2 489 

are transported from the TGN to the cell surface via TGN-derived vacuoles [12,35], suggesting 490 

that the observed puncta might represent TGN or TGN-derived vacuoles. We therefore 491 

hypothesized that Rac1- and Arp3-dependent actin remodeling in alphavirus-infected cells might 492 

be important for trafficking of E1/E2. To test this hypothesis, primary human astrocytes were 493 

treated with DMSO, EHT1864, or CK548 and then infected with VEEV. Cells were stained with 494 

antibodies against VEEV E2 glycoprotein and the TGN marker TGN46. VEEV E2 was primarily 495 

located at the cell surface in control DMSO-treated cells (Fig 7A, zoom 1). In some of the cells, 496 

E2 puncta co-localized with TGN46. However, upon treatment with the Rac1 or Arp3 inhibitors, 497 

E2 localization in TGN46-positive puncta was significantly enhanced (Fig 7A, zoom 2 and 3) 498 

and less E2 glycoprotein was observed at the cell surface. Quantification of TGN46-to-cell-499 

surface ratio of E2 staining intensity in control- or compound-treated VEEV-infected astrocytes 500 

is shown in S7A Fig. Similar experiments performed in HeLa cells using the inhibitors and the 501 

TGN marker GGA3 yielded comparable results (S7B Fig).  502 

 503 
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Figure 7. Actin, Rac1, and Arp3 inhibitors block E2 transport to cell surface.  504 

(A) Representative confocal images of primary human astrocytes treated with DMSO, EHT1864, 505 

or CK548 and subsequently infected with VEEV (MOI=0.005) for 18 h. Cells were stained with 506 

VEEV E2 (green)- and TGN46-specific antibodies (red), and a nuclear stain (blue). 507 

Representative cells showing co-localization of E2 and TGN46 are indicated with white arrows. 508 

(B and C) Upper panel: Geometrical mean fluorescent intensity of cell-surface E2 staining in 509 

HeLa cells infected with VEEV TC-83 (MOI=10) and treated with EHT1864, CK548, 510 

cytochalasin D, latrunculin A, or nocodazole as measured by flow cytometry. HeLa cells were 511 

infected with VEEV TC-83 for 5 h and subsequently treated with increasing concentrations of 512 

the inhibitors or DMSO (control). Five (B) or six (C) h later cells were dissociated and stained 513 

against VEEV E2 and with a 7-amino-actinomycin D viability dye. Bottom panel: Immunoblot 514 

of total E2 expression in whole cell lysates of HeLa cells described in (B) and (C). GAPDH was 515 

used as a loading control. Densitometric analysis of western blots was performed with ImageJ. 516 

(D) Model for trafficking of alphavirus E2 from the TGN to the cell surface. (1) Biogenesis of 517 

E1/E2-containing vacuoles (CPV-II) at the TGN is dependent on Arf1 and Rac1. (2) E1/E2-518 

containing CPV-II traffic to the cell surface via actin by a Rac1- and Arp3-dependent 519 

mechanism. Rac1 and PIP5K1-α are also localized to these actin filaments. (3) Actin tunneling 520 

nanotubes mediate alphavirion spread to neighboring cells.  521 

 522 

 In addition, we developed a flow cytometry-based assay for detection of VEEV E2 on the 523 

plasma membrane. We examined cell-surface expression of E2 following treatment with actin 524 

polymerization, microtubules depolymerization, Rac1, or Arp3 inhibitors. HeLa cells were 525 

infected with VEEV and 5 h later treated with increasing concentrations of EHT1864, CK548, 526 
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latrunculin A, cytochalasin D, or nocodazole. Cells were subsequently stained for surface 527 

expression of E2 and with the 7-amino-actinomycin D viability dye. Concomitantly, an aliquot 528 

of the cells of each treatment group was lysed and analyzed for total E2 expression in whole-cell 529 

lysates. None of the inhibitors significantly affected total protein levels of E2. However, the 530 

actin, Rac1, and Arp3 inhibitors decreased geometric mean fluorescence intensity of E2 on the 531 

cell surface in a dose-dependent manner (Fig 7B and 7C). In contrast, the microtubule inhibitor, 532 

nocodazole, had no effect on cell surface E2 expression. The effect of the actin, Rac1, and Arp3 533 

inhibitors on E2 surface expression was specific as no or minimal effect was observed on surface 534 

expression of cellular CD44 (S7C Fig).  535 

 Overall, our data suggest that actin, Rac1, and Arp3, but not microtubule, inhibitors might 536 

interfere with trafficking of E2 from the TGN or TGN-derived vacuoles to the cell surface. 537 

 538 

Localization of VEEV-induced Actin Foci, Rac1, and PIP5K1-α in Relation to the TGN 539 

To examine if the actin remodeling observed in alphavirus-infected cells is associated with any 540 

TGN membrane structures, we stained VEEV-infected cells with the TGN marker TGN46. Actin 541 

clusters were observed in the vicinity of TGN46 (Fig S8A) and VEEV E2 was detected on these 542 

actin clusters as well as co-localized with the TGN marker. Rac1 was also found to co-localize 543 

with the TGN marker and E2, whereas PIP5K1-α co-localized with E2 but not with TGN46 (Fig 544 

S8B and C). 545 

 546 

Discussion 547 

Reorganization of the host cytoskeleton varies among infections by different viruses and can 548 

play a role in every stage of the viral life cycle. Examples include virion movement (surfing) 549 
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towards entry sites and actin-enhanced endocytic entry pathways as well as actin-based, 550 

filopodial extensions (termed tunnelling nanotubes) that act as bridges to facilitate virus spread 551 

(reviewed in [36-39]). 552 

 Here, using an siRNA screen, we identified trafficking host factors that are important for 553 

alphavirus infection and are crucial regulators of the actin cytoskeleton. To date, Rac1- and 554 

Arp2/3-mediated actin rearrangements have mainly been associated with virus uptake and entry 555 

[30,40-44]. Rac1 is predominantly known as a key regulator of the actin cytoskeleton at the 556 

plasma membrane [45]. There, Abelson interactor 1 (Abi1) and Wiskott-Aldrich syndrome 557 

protein (WASP) family verprolin-homologous protein (WAVE), but not neural (N)-WASP, are 558 

essential for Rac1-dependent membrane protrusion and macropinocytosis [46].  559 

 Recently, however, Rac1, the Arp2/3 complex, and actin have emerged as major factors 560 

in the secretory pathway in processes such as biogenesis and motion of Golgi-derived transport 561 

carriers to the plasma membrane [47-50]. During formation of TGN carriers, Rac1 functions 562 

downstream of ADP-ribosylation factor 1 (Arf1). Arf1 recruits clathrin/adaptor protein 1 (AP-1)-563 

coated carriers and a complex composed of cytoplasmic fragile X mental retardation 1 (FMR1)-564 

interacting protein (CYFIP), nucleosome assembly protein 1 (NAP1), and Abi1 to the TGN. 565 

Rac1 and its exchange factor Rho guanine nucleotide exchange factor 7 (ARHGEF7) bind 566 

CYFIP and trigger N-WASP- and Arp2/3-mediated actin polymerization necessary to tubulate 567 

clathrin-AP-1-coated carriers [51]. Therefore, during alphavirus infection, Rac1 could potentially 568 

be recruited to the TGN to mediate biogenesis of E2-containing vesicles and/or their transport 569 

from the TGN to the cell surface via actin (see model, Fig 7D). In support of this hypothesis, 570 

some of the host factors mentioned above, such as clathrin heavy chain 1 (CLTC), AP-1 subunits 571 

(AP1M1), and Arf1 were identified as hits in our primary and validation siRNA knockdown 572 
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screens (S1 and S2 Tables). Furthermore, siRNAs targeting N-WASP reduced the infection rate 573 

of both VEEV and CHIKV (S1B Fig). Finally, during VEEV infection Rac1 was found to co-574 

localize with E2 at the TGN (Fig S8). Hence, it is plausible that Arf1 functions upstream of Rac1 575 

to facilitate biogenesis and/or motion of E2 transport carriers from the TGN to the plasma 576 

membrane and that this transport is mediated by N-WASP. 577 

Viruses have evolved specific egress pathways for transporting viral components to the 578 

plasma membrane, often using the cell’s secretory pathway via the endoplasmic reticulum, the 579 

Golgi, and even transport vesicles. Most exocytic transport of cellular secretory cargo to the 580 

plasma membrane relies on microtubules for long-range translocations [52,53]. The microtubule 581 

network is also emerging as the preferred cytoskeletal element recruited for transportation of 582 

viral components to the cell surface [54-57]. Examples are delivery of influenza A virus 583 

hemagglutinin membrane glycoprotein to the apical surface of MDCK cells [58] and vesicular 584 

stomatitis Indiana virus glycoprotein G trafficking from the TGN-to-plasma membrane [59]. 585 

 In contrast, our results demonstrate that transport of the alphavirus membrane glycoprotein 586 

E2 is at least in part dependent on actin and actin regulators (Rac1 and Arp3). We hypothesize 587 

that the coordinated activities of PIP5K1-α, Rac1, and the Arp2/3 complex might mediate 588 

alphavirus envelope E2 trafficking from the TGN to the cell surface via actin. Several results 589 

support this actin-dependent transport model (Fig 7D). First, time-of-addition experiments with 590 

Rac1 and Arp3 inhibitors demonstrated that both factors function at a late stage of virus infection 591 

(Fig 3). Second, within a similar time frame (concomitantly with E2 expression in infected cells) 592 

major actin rearrangements into clusters occur in alphavirus-infected cells (Fig 3 and 5). Super 593 

high-resolution fluorescence microscopy and electron microscopy show that E2 or E1/E2-594 

containing CPV-II structures, respectively, are localized along or at the end of actin filaments. 595 
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Rac1 and PIP5K1-α also co-localize with E2 on actin foci (Fig 5), and in infected cell lysates E2 596 

envelope protein was found to associate (either directly or indirectly) with actin (Fig 6). Third, 597 

Rac1 and Arp3 inhibitors blocked formation of virus-induced actin clusters (Fig 5). In cells 598 

treated with actin, Rac1, or Arp3 inhibitors, most of the E2 staining was found to localize with 599 

TGN markers, and E2 levels at the cell surface were reduced (Fig 7). We have not yet examined 600 

the role of actin, PIP5K1-α, Rac1, and the Arp2/3 complex in E1 trafficking. However, since E1 601 

and E2 are oligomerized into trimeric complexes during transit to the plasma membrane in CPV-602 

II structures [60] we speculate that these host factors will have a similar function in trafficking of 603 

both viral proteins. 604 

 Actin dynamics are involved in numerous aspects of intracellular transport. However, 605 

little is known regarding manipulation of these host machineries by pathogenic alphaviruses. 606 

Viruses can serve as unique tools to decipher how a particular cargo recruits actin filament tracks 607 

and the host factors and motors associated with these movements. Our results suggest a 608 

previously unidentified role of host factors Rac1, Arp3 and PIP5K1-α late in alphavirus infection 609 

via actin remodeling that possibly mediates transport of alphavirus envelope glycoproteins from 610 

the TGN to the cell surface. It is important to note that although our data indicate that actin plays 611 

a major role in alphavirus glycoprotein transport, our experiments do not exclude the existence 612 

of other, parallel, transport mechanisms mediated by intermediate filaments or microtubules. 613 

Recombinant alphaviruses expressing tagged E2 could be useful to further substantiate our 614 

findings. However, until now, we have not succeeded in rescuing such viruses. Finally, our high-615 

content siRNA screen reveals novel host regulators of alphavirus infection and potential therapy 616 

targets. 617 

Materials and Methods 618 
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siRNA Screens 619 

An arrayed library targeting 140 trafficking genes (Dharmacon Human ON-TARGETplus 620 

siRNA Library - Membrane Trafficking - SMARTpool, G-105500-05, Thermo Scientific, 621 

Lafayette, CO) was used to transiently reverse-transfected HeLa cells (10,000 cells per well, 96-622 

well format) in triplicate at a 30 nM final concentration, using HiPerfect (Qiagen). Cells were 623 

washed on the following day and 24 h later infected with VEEV ICS-SH3 at a multiplicity of 624 

infection (MOI) of 0.5 for 20 h. Cells were fixed with 10% formalin (Val Tech Diagnostics), and 625 

stained for high-content quantitative image-based analysis. The screen was repeated three times. 626 

In 6 wells on each plate, cells were transfected with a negative control siRNA (NT, siCONTROL 627 

Non-Targeting siRNA #2, Dharmacon D-001210-02). The infection rate of control siRNA-628 

transfected cells was optimized to yield, on average, 70–80%, following multiple virus 629 

replication cycles.  630 

 For the primary screen, siRNA pools were classified as hits if the average of triplicate 631 

wells showed that the percentage of VEEV-positive cells was decreased by more than 30% as 632 

compared to that observed with the control siRNA wells on the plate (Z-score <-2 SD). In the 633 

validation screen, the individual oligomers comprising each pool were placed into separate wells, 634 

and the screen was repeated. siRNA targets were considered validated if two or more of the 635 

individual oligomers were classified as hits compared to the control wells on the plate (similar 636 

parameters as above), and if the cell number was not less than 30% of the average of the negative 637 

control wells on the plate. The percent of infected cells relative to controls, as well as the 638 

normalized cell numbers (normalized to control siRNA) is provided in Table S1.  639 

Table 1. Sources of human-sequence reagents 640 

cDNA/Gene Primer Function Catalog Number / Vendor 
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Sequence 

RAC1-1 siRNA J-003560-14/ 

GUGAUUUCAUA

GCGAGUUU 

Dharmacon/Thermo Scientific 

RAC1-2 siRNA J-003560-15/ 

GUAGUUCUCAG

AUGCGUAA 

Dharmacon/Thermo Scientific 

RAC1-3 siRNA J-003560-16/ 

AUGAAAGUGUC

ACGGGUAA 

Dharmacon/Thermo Scientific 

RAC1-4 siRNA J-003560-17/ 

GAACUGCUAUU

UCCUCUAA 

Dharmacon/Thermo Scientific 

RAC1-5 siRNA s11711 Applied Biosystems/Life 

Technologies 

RAC1-6 siRNA s117112 Applied Biosystems/Life 

Technologies 

RAC1-7 siRNA s11713 Applied Biosystems/Life 

Technologies 

ACTR3-1 siRNA J-012077-06/ 

GCAGUAAAGGA

GCGCUAUA 

Dharmacon/Thermo Scientific 

ACTR3-2 siRNA J-012077-07/ 

GUGAUUGGCAG

CUGUAUUA 

Dharmacon/Thermo Scientific 
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ACTR3-3 siRNA J-012077-08/ 

GGAAUUGAGUG

GUGGUAGA 

Dharmacon/Thermo Scientific 

ACTR3-4 siRNA J-012077-09/ 

GCCAAAACCUA

UUGAUGUA 

Dharmacon/Thermo Scientific 

ACTR3-5 siRNA s19640 Applied Biosystems/Life 

Technologies 

ACTR3-6 siRNA s19641 Applied Biosystems/Life 

Technologies 

ACTR3-7 siRNA s19642 Applied Biosystems/Life 

Technologies 

PIP5K1A-1 siRNA J-004780-09/ 

ACACAGUACUC

AGUUGAUA 

Dharmacon/Thermo Scientific 

PIP5K1A-2 siRNA J-004780-10/ 

GCACAACGAGA

GCCCUUAA 

Dharmacon/Thermo Scientific 

PIP5K1A-3 siRNA J-004780-11/ 

GUGGUUCCCUA

UUCUAUGU 

Dharmacon/Thermo Scientific 

PIP5K1A-4 siRNA J-004780-12/ 

GUAAGACCCUG

CAGCGUGA 

Dharmacon/Thermo Scientific 

PIP5K1A-5 siRNA s15932 Applied Biosystems/Life 
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Technologies 

WASL-1 siRNA s17132 Applied Biosystems/Life 

Technologies 

WASL-2 siRNA s17133 Applied Biosystems/Life 

Technologies 

WASL-3 siRNA s17134 Applied Biosystems/Life 

Technologies 

PPIB qRT-PCR Hs00168719_m1 Applied Biosystems/Life 

Technologies 

PIP5K1A qRT-PCR Hs00801004_s1 Applied Biosystems/Life 

Technologies 

TC83 forward 

primer 

qRT-PCR CTTGGCAAACC

TCTGGCAGC 

Life Technologies 

TC83 Probe qRT-PCR 6FAM-

CTCTTCATGCAA

TGCCCTTCTCCT

GTCA 

Life Technologies 

TC83 reverse 

primer  

qRT-PCR ATACCCACTCG

GTTCCAGCG 

Life Technologies 

Rac1 K186E 

forward 

primer 

Site-directed 

mutagenesis 

5'-CCC GCC TCC 

CGT GAA GAA 

GAA GGA GAG 

AAA ATG CC-3' 

Integrated DNA Technologies 

Rac1 K186E 

reverse primer 

Site-directed 

mutagenesis 

5'-GGC ATT TTC 

TCT CCT TCT 

Integrated DNA Technologies 

TR-16-094 
DISTRIBUTION STATEMENT A: Approved for public release; distribution is unlimited.

UNCLASSIFIED



TCT TCA CGG 

GAG GCG GG-3' 

 641 

Cell Lines and Plasmid Constructs  642 

HeLa (ATCC, #CCL-2), BHK-21 (ATCC, #CCL-10), and Vero cells (ATCC, #CCL-81) were 643 

maintained in Eagle’s minimum essential medium supplemented with 10% fetal calf serum. T-644 

REx-HeLa cells expressing human wild type Rac1 fused to eGFP, and Flp-In 293 T-REx cells 645 

expressing human wild type Rac1, Rac1 G12V, Rac1 T17N, Rac1 K186E or CAT upon 646 

tetracycline induction were generated by using the T-REx System or the Flp-In T-REx system, 647 

respectively, according to the manufacturer's instructions (Life Technologies). Cells were 648 

induced to express wild-type human Rac1, variants thereof, or CAT in 96-well plates by adding 649 

tetracycline (1 μg/ml) to the growth medium. Normal human astrocytes were obtained from 650 

Lonza and maintained according to the provider's instructions. Plasmids encoding Rac1 variants 651 

(wild-type Rac1, Rac1 T17N or Rac1 G12V) fused to a myc tag were purchased from the 652 

Missouri S&T cDNA Resource Center (www.cdna.org). A plasmid encoding Rac1 K186E was 653 

generated by using the QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent 654 

Technologies). A plasmid encoding pcDNA3-EGFP-Rac1-wt was obtained from Addgene.  655 

Antibodies, Dyes, and Pharmacological Inhibitors 656 

Mouse monoclonal antibodies against CHIKV (2D21-1), EEEV (1C2), VEEV (1A4A-1), WEEV 657 

(9F12), and RVFV envelope glycoprotein Gn (4D4) and NP (R3-ID8-1-1) were obtained from 658 

USAMRIID archives [61]. Goat antibody against VEEV capsid (C) or envelope protein was 659 

generously provided by AlphaVax (via Kurt Kamrud). Rabbit antibodies against Arp3, actin, N-660 

WASP, GAPDH, FLAG, and HA were obtained from Sigma-Aldrich. Mouse monoclonal 661 

antibodies against actin, CD44, GGA3, and Rac1 were purchased from BD Transduction 662 
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Laboratories. Rabbit antibody against α/β-tubulin was obtained from Cell Signaling Technology. 663 

Sheep anti-human TGN46 antibody was from AbD Serotec. Alexa Fluor-conjugated antibodies 664 

and phalloidin, Hoechst 33342, and HCS CellMask Red were obtained from Life Technologies. 665 

All chemical inhibitors were purchased from Sigma-Aldrich, with the exception of EHT1864 666 

(Tocris Bioscience). Cells were incubated with inhibitors for 1 h before addition of viruses 667 

unless otherwise indicated in the figure legend.  668 

Virus Infections, Viral Transduction, and Replicon Assays 669 

Infections with VEEV IC-SH3, EEEV FL91-4679, WEEV CBA87, RVFV ZH501, and CHIKV 670 

AF15561 were conducted under Biosafety Laboratory 3 conditions. All alphaviruses were 671 

propagated in BHK-21 cells and purified via sucrose gradients. RVFV was propagated in Vero 672 

cells. Viral infectivity was titrated by plaque assays as previously described [62].  673 

 MoMLV-eGFP pseudotypes carrying the VEEV envelope proteins E1/E2 or Ebola virus 674 

envelope GP1,2 (control) were produced as previously described [27,28,63]. MoMLV-eGFP 675 

pseudotypes were added to siRNA-treated HeLa cells for 6 h. Cells were then washed and 676 

supplemented with growth medium. Cell transduction efficiency was determined 2 days later by 677 

measuring eGFP expression using an Opera confocal reader (PerkinElmer). 678 

 For CHIKV replicon assays, we used the previously described BHK-CHIKV-NCT cells, 679 

which contain the CHIKV replicon with two reporter genes, Rluc and EGFP [31]. 680 

BHK-CHIKV-NCT cells were seeded onto 96-well plates at densities of 2×104 cells/well, 681 

incubated overnight, and treated with the indicated compounds at various concentrations. After 682 

exposure for 48 h, the Renilla luciferase (Rluc) activity resulting from the translation of CHIKV-683 

Rluc genomic RNA was determined from the lysates using a Renilla luciferase assay kit 684 

(Promega) with a Tecan microplate reader. 685 
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Immunoprecipitation and Western Blot Analyses 686 

HeLa cells in 6-well plates were infected with VEEV TC-83 or RVFV MP12 (MOI=1) for 8 h. 687 

Cells were lysed in a mild lysis buffer (50 mM Tris pH 7.4, 50 mM NaCl, 0.2 mM EDTA, and 688 

1% Triton X-100) or a lysis buffer (25 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 5% 689 

glycerol, and 1% NP-40) from Pierce Crosslink Immunoprecipitation Kit supplemented with 690 

Complete protease inhibitor cocktail (Thermo Scientific Pierce). Cleared lysates were incubated 691 

overnight at 4°C with protein A/G beads (Thermo Scientific Pierce) and VEEV E2- or RVFV 692 

Gn-specific antibodies or with beads cross-linked to antibodies against VEEV E2 or actin. Cell 693 

lysate immunoprecipitates were analyzed by SDS-PAGE and immunoblotting using the indicated 694 

antibodies. 695 

 For western blot analyses, cells were lysed with RIPA lysis and extraction buffer 696 

supplemented with complete protease inhibitor cocktail (Thermo Scientific Pierce). Cleared 697 

lysates were analyzed by SDS-PAGE and immunoblotting using WesternBreeze chromogenic or 698 

chemiluminescent kits (Life Technologies) and the indicated antibodies. Densitometric analysis 699 

of western blots was performed with ImageJ [64]. 700 

Stimulated Emission Depletion Microscopy (STED) 701 

Cells were grown on glass cover slips and inoculated with VEEV or CHIKV for 1 h. Cells were 702 

fixed 20 h (VEEV) or 48 h (CHIKV) later, permeabilized with 0.5% Triton X-100 (Sigma-703 

Aldrich) in PBS, blocked with 3% BSA in PBS for 1 h, and stained using mouse anti-E2 704 

antibodies (1:1,000 dilution), followed by ATTO 647N Goat Anti-Mouse IgG (Active Motif) 705 

(1:2,000 dilution). Actin was stained with Phalloidin ATTO 565 (Sigma-Aldrich) (1:80 dilution). 706 

Slides were mounted in ProLong Gold Antifade Reagent (Life Technologies) and dried overnight 707 

at room temperature before imaging. All confocal images were acquired on the Leica SP5 TCS 708 
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2C STED confocal system (Leica Microsystems) equipped with Leica’s inverted DMI 6000 709 

microscope and STED 100x oil objective.  Images were acquired at an imaging speed of 400 Hz, 710 

pin hole set to Airy1, line average of 6, and 1024 X 1024 formats. For STED of ATTO dyes, the 711 

pulsed Ti:SA infra red laser (Mai Tai, model # MAI TAI BB990, Spectra-Physics) was tuned to 712 

740 nm.  713 

Electron Microscopy 714 

HeLa cells grown on a MatTek dish (MatTek corporation, MA) were infected with VEEV TC83 715 

(MOI=5) for 20 h. Cells were fixed for 1 h in primary fixative (2.5% formaldehyde, 2.5% 716 

glutaraldehyde, 0.1 M sodium cacodylate, pH 7.4), washed three times in ice-cold 0.1 M sodium 717 

cacodylate buffer, incubated with 1% osmium tetroxide in 0.1 M sodium cacodylate for 1 h, 718 

washed three times with distilled water, stained and stabilized on ice in ice-cold 2% uranyl 719 

acetate for 1 h and successively dehydrated on ice in ethanol series of 22%, 50%, 75%, and 95%. 720 

The cells were then dehydrated three times at room temperature in 100% ethanol and infiltrated 721 

in well-mixed 50% ethanol, 50% Durcupan ACM resin (Fluka, Sigma-Aldrich) for 1 h with 722 

agitation. Cells were infiltrated twice by 100% Durcupan ACM for 3 h with agitation, after 723 

which the samples were placed in an oven and allowed to polymerized at 60 °C for at least 48 h. 724 

The glass coverslip was peeled away from the bottom using a razor blade and the selected area 725 

was cut out and glued to a block for sectioning. Thin sections (approximately 80 nm) were 726 

collected and pre-stained with 1% uranyl acetate and Sato lead before examination on a JEOL 727 

1011 transmission electron microscope at 80 kV. Digital images were acquired using an AMT 728 

camera system.  729 

Immunofluorescence and High-content Quantitative Image-based Analysis 730 
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Plasmid encoding HA-tagged PIP5K1α was generously provided by Dr. Richard Anderson 731 

(University of Wisconsin). Plasmid encoding FLAG-tagged nsP1 was generated in-house by 732 

PCR. Plasmids were transiently reverse-transfected into HeLa cells on glass coverslips (Fisher 733 

Scientific) using Lipofectamine LTX Reagent (Life Technologies). T-REx HeLa cells on glass 734 

coverslips were induced with tetracycline for 24 h to express Rac1-eGFP. VEEV-infected cells 735 

were fixed, permeabilized, and blocked as described for STED. After incubation with primary 736 

antibodies and fluorescent secondary antibodies, slides were mounted as described for STED and 737 

air-dried before imaging with a Leica TCS-SP5 confocal/multiphoton microscope (Leica 738 

Microsystems). All confocal images represent a single plane acquired with a 100× oil objective. 739 

Similar experimental conditions were used for imaging studies of actin, tubulin, TGN46, and 740 

VEEV E2 in HeLa cells. Co-localization analysis of tubulin or actin with VEEV E2 was 741 

performed with the ImageJ program using the Interactive 3D Surface Plot plugin [64]. 742 

For analysis of the siRNA screen, cells were stained without prior permeabilization. Cells 743 

inoculated with CHIKV, EEEV, RVFV, WEEV or SINV or cells processed for phalloidin or 744 

TGN staining were permeabilized prior to blocking as described above. Cells were then stained 745 

with murine monoclonal antibodies against the indicated viral proteins (1:1,000 dilution) and, 746 

where indicated, against TGN46 or GGA3 (1:250 dilution). Subsequently, cells were stained 747 

with appropriate Alexa Fluor-conjugated antibodies (1:1,000 dilution), and Alexa Fluor 568 748 

Phalloidin (1:100 dilution) where indicated. All infected cells were also stained with Hoechst 749 

33342 and HCS CellMask DeepRed for nuclei and cytoplasm detection, respectively. 750 

High-content quantitative imaging data were acquired and analyzed on an Opera QEHS 751 

(quadruple excitation high sensitivity) confocal reader (model 3842 and 5025; Perkin-Elmer), at 752 

two exposures using a ×10 air, ×20 water, or ×40 water objective lenses as described in [65]. 753 
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Analysis of the images was accomplished using Acapella 2.0, 2.6, 2.7 (Perkin-Elmer) scripts in 754 

Evoshell or the building-blocks interface in the Columbus image analysis server. Nuclei and 755 

cytoplasm staining were used to determine total cell number and cell borders, respectively. 756 

Mock-infected cells were used to establish a fluorescence intensity threshold for virus-specific 757 

staining. Quantification of virus positive cells was subsequently performed based on mean 758 

fluorescent intensities in the virus-specific staining channel. Infection rates were then determined 759 

by dividing the number of virus positive cells by the total number of cells measured. Detailed 760 

pipelines for image-based quantification of alphavirus-induced actin foci and TGN46-to-plasma 761 

membrane E2 staining intensity ratio are available upon request. At least 5000 cells and up to 762 

15,000 cells were analyzed per replicate in drug- or siRNA-treated cells. For actin foci analysis, 763 

1000–1500 cells were used per replicate. For analysis of TGN46-to-plasma membrane E2 764 

staining intensity ratio, 700 cells were used per replicate. 765 

Flow Cytometry 766 

HeLa cells in 12-well plates were inoculated with VEEV TC-83 (MOI=10) for 5 h. DMSO, 767 

EHT1864, CK548, nocodazole, latrunculin A, or cytochalasin D were subsequently added at the 768 

indicated concentrations. Five or 6 h later, cells were detached with Cell Dissociation Buffer 769 

(Life Technologies) and washed with flow buffer (PBS/0.5% BSA/2mM EDTA). Cells were 770 

incubated with mouse anti-VEEV E2, or CD44 primary antibody (1:1,000 dilution in flow 771 

buffer) for 30 min on ice and then washed twice with ice-cold flow buffer. Cells were incubated 772 

for 20 min in the dark with Alexa Fluor 488 Goat Anti-Mouse IgG secondary antibody (Life 773 

Technologies) (1:5,000 dilution in ice-cold flow buffer) and with 7-amino-actinomycin D to 774 

exclude dead cells from analysis (1:500 dilution). Following two more washes with ice-cold flow 775 
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buffer, cells were fixed in 1% paraformaldehyde. Cytometric collection was performed using a 776 

FACS Canto II (BD Biosciences), and data were analyzed using Flowjo v7.6.5 (TreeStar).  777 

qRT-PCR 778 

VEEV TC-83 RNA yields in the media and in the cells as well as relative expression levels of 779 

PIP5K1α in siRNA-treated HeLa cells were determined by qRT-PCR as previously described 780 

[65]. Serial 10-fold dilutions of the assayed (102 to 107 copies) virus were used as standards. 781 

Relative expression levels were determined by using the comparative CT method.  782 

Statistical Analysis 783 

Data are representative of at least three independent experiments, and values are given as mean 784 

of triplicates ± standard deviation (SD) unless otherwise indicated. Statistical significance was 785 

determined by the paired Student’s t test.  786 
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The primary screen was performed using a pool of four siRNA duplexes per gene from a 954 

Dharmacon Membrane Trafficking library. The measured effects of each annotated siRNA pool 955 

on VEEV infection rate and cell number is normalized to that observed with control siRNA. 956 

 957 

S2 Table. Summary of the follow-up siRNA screen. 958 

For the deconvolution screen, the four individual duplexes siRNAs from each siRNA pool were 959 

used. The measured effects of each annotated siRNA duplex on VEEV infection rate and cell 960 

number is normalized to that observed with control siRNA. 961 

 962 

S1 Fig. siRNA screen identifies host regulators of alphavirus infection. 963 

(A) High-content quantitative image-based analysis was used to measure relative infection rates 964 

(normalized to control siRNA-treated cells) of CHIKV in HeLa cells pretreated with the 965 

indicated siRNAs. Cells were infected for 24 h (CHIKV, MOI=5), fixed and stained with 966 

antibodies against E2. (B) HeLa cells were pretreated with the indicated siRNAs and infected for 967 

20 h with VEEV (MOI=0.5) or for 24 h with CHIKV (MOI=5). Cells were fixed, stained, and 968 

analyzed as in (A). Protein levels of N-WASP and actin (loading control) following siRNA 969 

treatment were determined by immunoblotting. Values represent the mean ± SD, n = 3. 970 

 971 

S2 Fig. Rac1, Arp3, and formation of a Rac1:PIP5K1-α complex are important for 972 

alphavirus infection. 973 

(A) Primary human astrocytes were treated with increasing concentrations of CK548 and 974 

subsequently infected with EEEV or WEEV (MOI=0.005). Cells were fixed in formalin 19 h 975 

after infection, stained with virus-specific antibodies and analyzed using an Opera confocal 976 

TR-16-094 
DISTRIBUTION STATEMENT A: Approved for public release; distribution is unlimited.

UNCLASSIFIED



imager. Results are normalized to DMSO-treated samples. (B) HeLa cells were treated with 977 

CK548 or EHT1864 and subsequently infected with CHIKV or SINV (MOI=5). Cells were fixed 978 

20 h (SINV) or 48 h (CHIKV) later and analyzed as in (A). (C) Representative confocal images 979 

of (Fig 2F). VEEV E2 glycoprotein staining is shown in green and nucleus/cytoplasm staining is 980 

shown in red. (D) Flp-In T-REx 293 cells pre-induced to express chloramphenicol 981 

acetyltransferase (CAT), wild-type Rac1, or variants thereof were infected with VEEV 982 

(MOI=0.1). After 18 h, virus titer in the supernatants was determined by plaque assay. **, p < 983 

0.01, Student's t test (between samples and CAT). (E) Representative confocal images of (Fig 984 

2H). Coloring as in (C). (F) Confocal images of Flp-In T-REx 293 cells that were induced as in 985 

(D), inoculated with WEEV (MOI=0.005), fixed 18 h later, and stained with virus-specific 986 

antibodies (green) and nuclear stain (blue). (G, H) High-content quantitative image-based 987 

analysis of CHIKV infection rates in Flp-In T-REx 293 cells pre-induced as in (D). Cells were 988 

fixed 24 h after virus inoculation and stained with virus-specific antibodies. (I) Representative 989 

confocal images of (G, H). CHIKV E2 glycoprotein staining is shown in green and 990 

nucleus/cytoplasm staining is shown in red. All values represent the mean ± SD, n = 3. 991 

 992 

Fig S3. Rac1 and Arp3 act at a late stage of alphavirus infection.  993 

(A) Time course of VEEV TC-83 (MOI=10) infection in HeLa cells. Media containing 994 

extracellular virus were harvested at the indicated time points for qRT-PCR analysis of virion 995 

copy number (left panel), and cells were fixed, stained with VEEV E2-specific antibody and 996 

analyzed with an Opera confocal reader by high-content quantitative image-based analysis (right 997 

panel). (B) High-content quantitative image-based analysis of relative VEEV TC-83 infection 998 

rates (normalized to DMSO-treated samples) in time-of-addition experiments. VEEV-infected 999 
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HeLa cells (MOI=1) were treated with increasing concentrations of the Rac1 inhibitor EHT1864, 1000 

or the Arp3 inhibitor CK548 at the indicated time points prior to (-1 h) or after (+1–7 h) virus 1001 

addition. Cells were fixed 12 h after addition of virus and stained with virus-specific antibodies. 1002 

Values represent the mean ± SD, n = 3. (C) Plaque assays were used to measure VEEV titer in 1003 

supernatants of HeLa cells pretreated with the indicated concentrations of the inhibitors. Cells 1004 

were treated with inhibitors 5 h after inoculation with VEEV (MOI=0.5), and virus-containing 1005 

media was harvested for analysis 17 h later. Values represent the mean ± SD, n = 3. **, p < 0.01, 1006 

Student's t test (between samples and DMSO). (D) BHK-CHIKV-NCT cells expressing a 1007 

CHIKV replicon with a Renilla luciferase reporter were treated with increasing concentrations of 1008 

EHT1864, CK548, or T705 (a nucleotide prodrug, positive control). After 48 h, Renilla 1009 

luciferase (Rluc) activity was determined from the lysates. 1010 

 1011 

S4 Fig. Actin polymerization plays a role at a late stage of alphavirus infection. 1012 

(A) HeLa cells or primary human astrocytes were infected with VEEV (MOI=0.5) or VEEV TC-1013 

83 (MOI=0.005) for 3 h (HeLa) or 5 h (astrocytes) and then treated with increasing 1014 

concentrations of nocodazole. After 6 h (astrocytes) or 17 h (HeLa), virus titer in the 1015 

supernatants was determined by plaque assay. Values represent the mean ± SD, n = 3. (B) 1016 

Representative confocal images of (Fig 4C). VEEV E2 staining is shown in green, nucleus 1017 

staining is shown in blue, and tubulin staining is shown in red (top panel: magnification: 10x; 1018 

bottom panel: magnification: 40x). (C). Representative confocal images of (Fig 4C). VEEV E2 1019 

staining is shown in green, nucleus staining is shown in blue, and actin staining is shown in red 1020 

(top panel: magnification: 10x; bottom panel: magnification: 40x). (D) BHK-CHIKV-NCT cells 1021 

expressing a CHIKV replicon with a Renilla luciferase reporter were treated with increasing 1022 
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concentrations of the indicated inhibitors. After 48 h, Renilla luciferase (Rluc) activity was 1023 

determined from the lysates. 1024 

 1025 

S5 Fig. Alphavirus infection causes actin rearrangements into actin foci that co-localize 1026 

with Rac1, PIP5K1-α, and E2. 1027 

(A) HeLa cells were inoculated with WEEV (MOI=2), EEEV (MOI=1), or SINV (MOI=5), 1028 

fixed 24 h later, and stained with virus-specific antibodies and fluorescent phalloidin. High-1029 

content quantitative image-based analysis was used to measure virus infection rates (left panel) 1030 

as well as number of actin foci per cell (right panel). ***, p < 0.0001, Student's t test (between 1031 

samples and mock). (B) HeLa cells were transfected with an expression plasmids encoding 1032 

VEEV nsP1-FLAG. Cells were fixed 24 h later and stained with antibodies against FLAG 1033 

(green), and fluorescent phalloidin (red). Confocal images of single Z sections are shown as well 1034 

as a Z stack image (merged Z sections) of actin staining. Representative actin filopodia are 1035 

indicated by asterisks. (C-D) Basal-to-apical confocal section series of VEEV-infected HeLa 1036 

cells (MOI=5). Co-localization of HA-tagged PIP5K1-α (C) or Rac1 (D) (blue), actin (red), and 1037 

VEEV E2 (green), at different z sections is shown, as well as single channel intensities measured 1038 

along lines crossing different actin clusters. Insets: zoom on actin filaments indicated by white 1039 

arrows. Nuclei are indicated by asterisks. VEEV was added to (C) HeLa cells that were reverse-1040 

transfected with a plasmid encoding HA-tagged PIP5K1-α or (D) tetracycline-induced T-Rex 1041 

HeLa cells that expressed Rac1 fused to eGFP. Cells were fixed 20 h later, permeabilized, and 1042 

stained with VEEV E2-specific antibody, phalloidin, and an antibody against HA (C).  1043 

 1044 

S6 Fig. Alphavirus E2 co-localizes with actin but not with tubulin. 1045 
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(A) Representative images of VEEV-infected HeLa cells from Fig. 6A in confocal and STED 1046 

microscopy modes. E2 glycoprotein is shown in green and actin in red. (B) Co-localization of 1047 

tubulin (blue), actin (red), and E2 (green) in a VEEV-infected cell at different z sections from 1048 

base (Section 7) to apex (section 25). HeLa cells were infected with VEEV (MOI=5) for 20 h 1049 

and stained with antibodies against E2, tubulin, and fluorescent phalloidin. Pixel intensities of 1050 

tubulin (red) and E2 (green) staining are shown (bottom graphs). (C) Representative images of 1051 

VEEV-infected HeLa cells (as in B) stained with E2-specific antibodies (green), phalloidin (red) 1052 

and CellMask (grey in merge). Analysis of cell borders based on CellMask staining was 1053 

performed within the Columbus programming environment. 1054 

 1055 

S7 Fig. Rac1 and Arp3 inhibitors block E2 transport to cell surface.  1056 

(A) High-content quantitative image-based analysis was used to measure the TGN46-to-plasma 1057 

membrane E2 staining intensity ratio in VEEV-infected astrocytes. *, p < 0.05, **, p < 0.001, 1058 

Student's t test (between samples and DMSO). (B) Representative confocal images of HeLa cells 1059 

treated with DMSO, EHT1864 or CK548 at the indicated concentrations and subsequently 1060 

infected with VEEV (MOI=0.5). Cells were fixed and stained with VEEV E2 (green) and GGA3 1061 

(red)-specific antibodies and counterstained with Hoechst 3342 (blue) 20 h after infection 1062 

(magnification: 40x). Representative cells showing co-localization of E2 and GGA3 are 1063 

indicated with white arrows. (C) Geometrical mean fluorescent intensity of cell-surface CD44 1064 

staining in HeLa cells treated with EHT1864, CK548, cytochalasin D, latrunculin A, or 1065 

nocodazole as measured by flow cytometry. HeLa cells were treated with increasing 1066 

concentrations of the inhibitors or DMSO (control). Six h later cells were dissociated and stained 1067 

against CD44 and with a 7-AAD viability dye.  1068 
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 1069 

S8 Fig. Localization of actin foci, Rac1, and PIP5K1-α relative to TGN46. 1070 

VEEV (MOI=5) was added to (A) HeLa cells, or (B) HeLa cells that were reverse-transfected 1071 

with a plasmid encoding HA-tagged PIP5K1-α or (C) tetracycline-induced T-Rex HeLa cells that 1072 

express Rac1 fused to eGFP. Cells were fixed 20 h later, permeabilized, and stained with VEEV 1073 

E2- and TGN46-specific antibodies, as well as with phalloidin (A), and an antibody against HA 1074 

(B). Co-localization of actin (A), PIP5K1-α (B) or Rac1 (C), with TGN46 (white), and VEEV E2 1075 

(green), at a single z section. 1076 
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